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ABSTRACT 

The  temperature  dependence  of  the  ambient  axial  electric  field 
inside  a vertical  copper  tube  has  been  investigated.  A vertical 
metal  tube  subject  to  the  gravitational  field  of  the  Earth  is 
expected  to  have  spatial  variations  in  the  electrostatic  potential 
along  its  axis  because  of  contact  potential  differences  between 
adjacent  crystals  in  the  metal  and  because  of  the  gravitationally- 
induced  rearrangement  of  the  metallic  electrons  and  ions.  The 
result  of  a previous  measurement  by  Witteborn  and  Fairbank  (WF)  of 
the  ambient  axial  electric  field  inside  a copper  tube  at  4.2°K  is 
roughly  four  orders  of  magnitude  too  smaH  to  be  consistent  with 
the  predictions  of  the  theory  of  Dossier  e^  a^.  and  the  results  of 
several  room  temperature  measurements.  Schiff,  among  others,  pointed 
out  that  the  WF  result  would  be  consistent  with  the  other  results 
if  a shielding  effect  involving  electrons  on  the  inside  surface  of 
the  tube  were  to  exist  at  4.2°K  but  not  at  room  temperature.  In  this 
work  the  electron  time-of-flight  method  of  WF  was  used  to  measure 
the  ambient  axial  electric  field  inside  a copper  tube  at  temperatures 
ranging  from  4.2°K  to  300°K. 

The  relevant  literature  on  theoretical  and  experimental  studies 
of  patch  effect  fields  and  strain-induced  fields  (particularly 
gravitationally-induced  fields)  in  and  near  the  surface  of  metals 
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i 

is  reviewed.  Some  ways  in  which  the  discrepancy  between  the  WF 
f , result  and  the  other  results  could  be  resolved  are  mentioned. 

I 

iTie  slow  electron  time-of-f light  method  which  was  used  to 
study  the  ambient  field  is  discussed  and  the  versions  of  the 
apparatus  used  at  300“K,  77°K,  and  4.2"K  are  described.  A drift 
tube  heater  and  temperature  monitor  system  is  described  which  allows 
the  4.2°K  version  of  the  apparatus  to  be  used  over  the  range 
4.2°K-11°K.  The  manner  in  which  ambient  fields  are  measured  is 

I 

discussed  in  detail,  as  is  the  effect  of  tiie  delayed  emission  of  ■ 

electrons  from  electrostatic  and  magnetic  potential  traps. 

Room  temperature  results  are  presented  which  indicate  an 
ambient  electric  field  inside  the  tube  of  more  than  10  ^ V/m.  This 
value  is  essentially  consistent  with  the  room  temperature  measure- 
ments of  strain-induced  fields  made  by  other  workers.  Data  taken  » j 

at  77°K  is  presented;  it  is  quite  similar  to  the  room  temperature 

1 

data.  Data  from  experiments  at  4.2‘^'K  i described  and  it  is  shown  j 

that  this  data  implies  an  ambient  field  in  the  tube  at  4.2°K  which  | 

i 

I 

is  several  orders  of  magnitude  smaller  than  the  ambient  field  ' 

1 

found  at  300° K arid  77“ p. 

. 

Ambient  field  studies  made  with  drift  tube  temperatures  of 
4.2°K,  4.3°K,  4.4°K,  6.3°K,  9°K,  and  11°K  are  then  described.  The 
4.2°K  measurements  in  this  series  were  made  with  the  drift  tube 
heating  system  in  place;  they  yielded  an  ambient  field  measurement 
consistent  with  the  earlier  measurement  at  4.2°K  and  with  the  WF 

# 

result.  Tne  ambient  field  at  4.3°K  was  found  to  be  roughly 

- S - 7 • 

3 10  V/m,  while  at  4.4°K  the  field  was  about  3 x 10  V/m.  For 

the  three  higher  values  of  temperature  the  ambient  field  was  in 


IV 


the  range  (3.5-8)  x lo  ^ V/m.  This  last  range  of  values  is  con- 
sistent with  the  ambient  field  expected  from  the  gravitationally- 
induced  distortion  of  the  lattice  of  the  copper  tube.  It  is 
suggested  that  the  observed  temperature  dependence  of  the  ambient 
field  in  the  tube  is  a manifestation  of  the  presence  of  a surface 
shielding  effect  in  the  tube  which  is  functional  only  at  temperatures 
below  approximately  6°K. 

Sources  of  error  are  discussed  and  various  consistency  checks 
which  were  performed  on  the  results  are  described,  finally,  some 
possible  physical  mechanisms  which  could  produce  a temperature- 
dependent  surface  shielding  effect  are  mentioned. 
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CHAPTER  1 


I 

INTRODUCTION 


This  dissertation  describes  a series  of  experiments  which  were 
performed  in  order  to  search  for  a temperature  dependence  in  the 
ambient  axial  electrostatic  potential  variations  inside  a vertical 
copper  tube.  A vertical  metal  tube  subject  to  the  gravitational 
field  of  the  Earth  is  expected  tc  have  spatial  variations  in  the 
electrostatic  potential  along  its  axis  because  of  several  mechanisms 
which  cause  the  walls  of  such  a tube  to  depart  from  the  normal  uniform 
charge  distribution  found  in  a single  metallic  crystal  not  in  a gravi- 
tational field.  Une  mechanism  results  from  the  fact  that  a macro- 
scopic metal  tube  is  composed  of  very  many  small  crystals  which, 
because  of  their  differing  work  fu.nctions,  develop  contact  potential 
differences  from  one  crystal  to  the  next  la  order  to  achieve  a single 
electrochemical  potential  throughout  tiic  entire  metal.  Tlie  presence 
of  the  Earth's  gravitational  field  produces  two  effects.  First,  the 

center  of  mass  of  the  conduction  electrons  in  the  walls  of  the  tube 

-31 

is  shifted  downward  a small  but  finite  amount  (approximately  30  m) , 
resulting  in  a downward  electric  field  in  the  metal  cf  mg/e,  where 
mis  the  electron  mass.  This  field  must  exist  in  the  metal  if  the 
conduction  electrons  are  to  be  in  equilibrium  in  the  presence  of  a 
downward  gravitational  field  of  magnitude  g.  The  existence  of  this 
field  was  first  predicted  by  Schiff  ruij  Barnhill  in  1966.^  Second, 
gravity  causes  a differential  compression  o'P  the  ionic  lattice  of 
the  walls.  The  metallic  electrons  redistribute  in  an  effort  to 
maintain  charge  neutrality  throughout  the  metal;  however,  the 


i - 


cancellation  of  the  positive  charge  density  gradient  is  not  complete 
because  of  the  finite  compressibility  of  the  electron  gas  (we  are 
using  a very  simple  model  of  the  metal;  however,  the  conclusions 
are  the  same  as  those  obtained  from  a rigorous  treatment) . The 
result  is  an  upward  electric  field  in  the  metal  of  magnitude  roughly 
Mg/e  where  M is  the  ion  mass.  The  existence  of  a field  of  approxi- 
mately the  same  value  outside  the  surface  of  the  metal  was  first 

2 

predicted  in  1967  by  Dessler,  Michel,  Rorschach,  and  Trammel.  We 
will  explore  these  ideas  more  completely  in  Chapter  2. 

Interest  in  the  nature  of  the  ambient  electrostatic  potential 
variations  along  the  axis  of  a copper  tube  was  stimulated  by  the 
1967  experiment  of  Witteborn  and  Fairbank^  which  measured  the  force 
of  gravity  on  a single  electron  by  means  of  a time-of-f light 
technique.  Two  aspects  of  the  results  of  that  experiment  did  not 
agree  with  the  theoretical  predictions  corcemxng  the  ambient  poten- 
tial variations  to  be  found  along  the  axis  of  the  copper  tube 
employed  as  an  electrostatic  shield  in  the  time-of-flight  measurements. 
First,  it  proved  possible  to  control  the  distribution  of  electron 
flight  times  by  the  use  of  applied  fields  in  the  copper  tube  as  small 
as  2.5x10  V/m.  In  particular,  it  was  possible  to  turn  back  the 
slowest  electrons  in  the  beam  by  applying  these  very  small  fields. 

Such  a result  is  not  compatible  with  the  expected  patch  effect 
potential  fluctuations,  which  on  the  most  straightforward  model  can 
have  rms  values  as  large  as  10  ^ V or  so.  We  show  in  Sec.  3.2  that 
any  electrons  which  could  pass  through  a region  having  potential 
fluctuations  of  this  size  would  have  their  flight  times  modified  only 
infinitesimally  by  a field  of  2.5 x 10  V/m  applied  over  a 1-m 
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flight  path.  .Spcci fic.al  ly , tlie  applied  field  would  not  be  able  to 

turn  back  such  electrons.  Second,  the  electron  gravity  measurement 

-1.’ 

indicated  that  the  only  forces  larger  than  5 lU  eV/ir.  acting  on  an 
electz'on  traveling  along  the  axis  of  the  copper  rube  were  gravity  and 
a force  due  to  the  field  predicted  by  Sctiiff  and  Barnhill.  The  10  ' 
tV/m  force  predicted  on  the  basis  of  the  ion  lattice  distortion  was 
not  observed. 

Considerable  controversy  arose  concerning  the  proper  reconcilia- 
tion of  the  results  of  the  Wittcborn-Fairhink  experiment  with  the 
theoretical  predictions  about  tiie  ar.inicnt  potential  fluctuctiens 
inside  the  shielding  tube.  Other  >v.'rkers  conducted  a variety  of 
experiments  to  .sc.irch  for  the  existence  of  a lattice  distortion  field 
both  inside  and  just  outside  a metal  su’/,icct  to  a coniprt ssion 
gradient  {.see  Sec.  2.7'i.2).  Thc-se  experiments  veriried  tne  order  of 
magnitude  predictions  of  the  theorv.  !t  ’n^st  '••o  pointer!  out  however 
that  these  exporiiaent.s  weie  conductec  u ,i-  condiciens  quite  different 
from  those  of  the  IVitteborn- FairbanV.  experiment.  One  of  the  more 
obvious  diffi:rences  is  the  temperature:  k’itteborn  and  Fairbank  worked 

at  4.2“K  in  order  to  ir.ake  use  of  superconducting  magnets  and  circuitry 
while  all  other  experiments  to  date  which  look  at  the  lattice  distor- 
tion field  outside  a metal  have  been  done  at  room  temperature. 

IVitteborn  and  Fairbank,'^’^  among  ethers,'’’^  suggested  that  a surface 
shielding  effect  occurring  at  low  temperatures  might  have  shielded 
the  interior  of  the  copper  tube  from  fields  arising  in  the  walls  of 
the  tube.  Assuming  that  the  charge  responsible  for  the  surface  shield- 
ing is  provided  by  electrons  in  a layer  which  is  decoupled  from  both 
the  strain  gradient  and  the  electron  distribution  jiresent  in  the  tube 


walls,  tlie  patch  effect  and  lattice  distortion  fields  would  not 
appear  along  the  tube  axis,  while  the  Schiff-Barnhill  field  produced 

I 

, by  the  surface  electrons  would  be  present.  This  situation  would 

agree  completely  with  the  results  of  the  Wi tteboni-Fairbank 
experiment . 

If  a surface  shielding  effect  of  the  type  described  exists  at 
4.2°K,  it  presumably  does  not  exist  at  room  temperature  since  there 
was  no  evidence  of  its  presence  in  the  room  temperature  experiments 
which  studied  the  lattice  distortion  field;  it  would  thus  be  a 
temperature-dependent  shielding  effect.  We  felt  that  bv  conducting 
electron  time-of-flight  experiments  at  temperatures  from  4.2°K  to 
room  temperature  we  could  determine  whether  or  not  such  a temperature- 
dependent  surface  shielding  effect  exists  and  if  so,  the  range  of 

temperatures  over  which  it  is  operative.  That  line  of  reasoning  i 

provided  the  motivation  for  the  experiments  described  in  this 

dissertation. 

The  initial  phase  of  our  search  for  a temperature-dependent 
surface  shielding  effect  consisted  of  using  a modified  version  of  the  i 

Witteborn-Fairbank  apparatus  (described  in  Chapter  3)  in  an  attempt  j 

I 

to  determine  the  room  temperature  ambient  potential  fluctuations  in  I 

1 

the  copper  tube.  This  work  was  followed  by  a similar  measurement  at  j 

liquid  nitrogen  temperature.  The  room  temperature  and  LN.,  temperature 
measurements  (described  in  Secs.  4.2  and  4.3)  indicated  that  any 

I 

onset  of  anomalous  surface  shielding  would  occur  below  LN^  temperature.  | 

After  conducting  a 4.2°K  run  to  verify  the  existence  of  the  shielding 
effect  at  that  temperature  (described  in  Sec.  4.4),  we  designed  a 
low-power  drift  tube  heating  and  temperature  monitor  system  which 

i 
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made  possible  experiments  in  which  the  drift  tube  operated  at  tempera- 
tures from  4.2°K  up  to  30-40°K  while  the  other  components  of  the 
apparatus  remained  at  4.2°K.  The  heated  drift  tube  apparatus  is 
desciibed  in  Sec.  3.5  while  the  results  appear  in  Sec.  4.5.  This 
mode  of  operation  has  the  great  advantage  of  permitting  the  use  of 
superconducting  magnets  and  circuitry  as  well  as  cryopu.mping.  ITie 
ability  to  use  these  techniques  results  in  n factor  of  10^  improvement 
in  sensitivitv  over  the  version  of  the  apparatus  employed  at  300°K  and 
77“K. 

As  shown  in  Chapters  4 and  5,  the  results  from  experiments 
conducted  with  t'ne  diift  tube  temperature  rangiri;^  from  4.2‘'K  to  I1°K 
indicate  that  there  is  a surface  shieiding  effect  at  ■i.2'’K;  the  effect 
IS  greatly  v/eakeneJ  when  the  temperature  is  increased  bv  only  0.1 '‘K 
and  is  eitner  non-exiscent  or  else  extremely  small  above  6‘^K.  The 
ainbient  electric  field  ob.served  in  the  ■ eij"  iHo  t e'};  agrees  well 
with  the  prvdi ctions  of  Dossier,  Michel,  orschach,  and  Tra.mnel  for 
the  magnitude  of  the  lattice  distortion  field.  It  seems  that  the 
patch  effect  'cuct nations  are  at  least  an  order  of  magnitude  or  so 
smaller  than  ccpectsc  on  tlie  basis  of  cOitmonly  accepted  models.  The 
suggestion.^  that  the  use  of  a 4.2°K  operating  temperature  for  the 
electron  free  fail  experiment  may  have  been  crucial  to  its  success 
thus  appear  to  be  borne  out  by  the  results  of  our  work. 

Section  2.4  explores  some  of  the  requirements  for  a surface 
state  whicii  would  provide  the  necessary  ihielding.  A few  of  the 
mechanisms  which  have  been  suggested  ii'  c-der  to  explain  the  apparent 
shielding  at  4.2"K  are  also  preserved  in  that  section;  in  general 
the>-  do  not  predict  a temperature  depend  ncc  in  the  shielding.  In 
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Chapter  5,  after  summarizing  our  conclusions  concerning  the 
temperature-dependent  shielding,  we  discuss  a few  possible  models 
in  which  a temperature  dependence  similar  to  that  observed  might  be 

expected. 
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CHAPTER  2 


AMBIENT  ELECTRIC  FIELDS  INSIDE  A 
VERTICAL  METAL  SHIELDING  TUBE 


2 . 1 Introduction 

In  this  ciiapter  we  will  discuss  the  theoretical  and  experimental 
results  to  date  concerning  the  nature  of  the  small  electric  fields 
present  in  the  interior  space  of  a copper  shielding  tube  oriented 
vertically  in  the  Earth's  gravitational  field.  Much  of  the  interest 
in  tnis  question  was  stimulated  wner.  '.Vi  ttebovi;  and  Eairnonk  ’ began  an 
experiment  to  measure  the  foi'ce  of  gravit.c  on  a single  electron  by 
making  tinie-of- flight  ineasurements  on  \'-r)-  low  energy  electrons 
emitted  from  a pulsed  cathode  (the  ultimate  aim  of  the  experiment  is 
tc  study  the  force  of  gravity  or  antimatter).  Since  the  force  of  the 
Earth’s  gravity  on  a single  electron  is  so  ncn,‘diui>'  small  (the  same 
value  of  force  would  be  exerted  on  t'-  • - on  by  an  electric  field 

of  5.6t<10  ■'  V/m)  it  was  clear  that  >.  r;e  portion  of  the  electron's 
trtiiv-  -■/’"J  '”er  which  the  flight  time  was  to  be  measured  would  have  to 
be  enclosed  b>  a vcx-y  good  electrostatic  shield. 

3 

Witteoern  ind  Faiibank  used  a - c •>  careful!'  made  Dl-cm  long 
vertical  copper  drift  tube  having  a .ery  uniform  inside  diameter 
(S  cii'  with  variations  less  than  0.000.^  cm).  Electrons  were  constrained 
to  move  along  the  axis  of  the  drift  tube  by  an  axial  magnetic  field 
provided  by  a superconducting  solenoid  operating  in  the  persistent 
mode . 

wiifc.n  an  electron  is  exactly  at  the  midpoint  of  the  tvibe  axis,  it 
feels  no  axial  force  from  its  image  charge  I the  net  radial  jmage  force 


is  always  zero  as  long  as  the  electron  is  on  the  tube  axis) . When 
the  electron  is  on  either  side  of  the  midpoint  there  is  a small 
image  force  contribution  due  to  the  finiteness  of  the  tube  length. 
However,  this  field,  as  well  as  fields  from  electrodes  located 
outside  the  tube,  is  attenuated  by  the  drift  tube  approximately  as 
exp(-2.4z/a)  where  z is  the  distance  from  the  nearer  end  and  a is 

the  tube  radius. 

4 7 

Witteborn  ' has  performed  a detailed  calculation  of  the 
residual  electric  field  in  the  drift  tube  when  the  attenuation 
properties  described  above  are  applied  to  the  specific  case  of  the 
dimensions  and  electrode  potentials  utilized  in  the  electron  free 
fall  experiment.  His  results  indicate  that  the  drift  tube  provided 
a region  of  space  approximately  50  cm  long  that  was  adequately 
shielded  from  both  external  potentials  and  the  fields  of  image 
charges  induced  when  an  electron  was  presjntin  the  region.  However, 
this  calculation  was  not  intended  to  take  into  account  the  electric 
fields  which  were  expected  from  the  walls  of  the  tube  itself  even 
when  no  electron  is  present  in  the  interior  region.  We  expect  two 
types  of  such  fields. 

First,  the  copper  tube  used  by  Witteborn  and  Fairbank  is  composed 
of  many  small  crystals.  Contact  potential  differences  between 
adjacent  crystals  give  rise  to  so-called  "patch  effect"  fields 
outside  the  surface  of  the  metal.  Second,  the  effect  of  the  Earth's 
gravity  on  the  walls  of  the  drift  tube  produces  electric  fields 
outside  the  surface  of  the  metal.  We  will  discuss  each  of  these 
effects  separately  in  the  following  sections. 
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Patch  Effect  Fields 


A spatially  fluctuating  electric  field  is  found  outside  the 
surface  of  a polycrystalline  metal  because  of  tlie  differences  in  the 
work  functions  of  the  various  crystallite  planes  exposed  at  the 
macroscopic  surface.  Following  the  appi oaeh  used  b)’  Herring  and 

g 

Nichols  in  their  very  comprehensive  article  on  tliermio;nlc  emission, 
we  define  the  electrochemical  potential  per  electron  of  crystallite 
i by  the  equation 


p.  = [.3F/8n.] 


all  T's,  other  n's,  etc. 


with  the  free  energy  F given  by  F - U - ^ total 

3 

energy  of  the  macroscopic  metal,  and  .S^  refer  to  the  temperatures 
and  entropies  of  the  various  crystallites,  and  is  the  number  of 
electrons  in  crystallite  i.  The  usefulness  of  tiiis  quantir.y  stems 
from  the  fact  that  the  electrcchemicai  pot'  u lals  of  the  electrons  in 
any  two  regions  1 and  2 in  thermal  equilibrium  with  each  other  m.ust 
be  equax.  We  can  now  define  the  work  function  e(P  of  a uniform  surface 
of  an  electronic  co/jductor  as  the  difference  between  the  electro- 
chemical potential  p of  an  electron  just  inside  the  conductor  and 
the  electrostatic  potential  energy  - e$  of  an  electron  in  the 
vacuum  just  outside  it.  Thus 


e4>  = - e$  - P = e(<l>  - ) -pc  (potential  terms 

^ c a from  other 

external  forces)  (2.2) 


wliere  in  the  second  part  of  the  equality  we  have  introduced  the 
electrostatic  potential  of  an  electron  in  the  conductor,  and  p,  the 


-9- 


ordinary  chemical  potential  (Fermi  level)  related  to  p by 

p = U - ± (potential  terms  from  other 

external  forces).  (2.3) 

Let  us  now  investigate  the  ramifications  of  the  definition  (2.2) 
for  the  work  function  of  each  crystallite  when  the  various  crystallites 
are  assembled  to  form  the  macroscopic  block  of  metal.  When  the 
electrochemical  potentials  of  the  electrons  in  the  various  crystal- 
lites are  set  equal  we  see  that  there  must  be  a difference  in  electro- 
static potential  between  a point  just  outside  crystallite  1 and  a 
point  just  outside  crystallite  2 given  by  the  difference  of  the  two 
work  functions: 


<I> 


al 


a2 


(2.4) 


This  is  called  the  "contact  potential  difference"  between  1 and  2. 

One  may  view  the  latter  part  of  tq.  c2.2)  as  a resolution  of 
the  work  function  into  two  components:  a volume  term  p and  a surface 
term  e(4>^  - '^'^)  • The  volume  term  will  vary  from  one  crystallite  to 
another  depending  on  the  crystallite  size,  imperfection  density,  etc., 
while  the  surface  term  will  depend  on  the  type  of  crystal  plane  which 
forms  the  surface  (it  will  also  be  affected  by  any  surface 
contamination) . 

Contact  potential  differences  of  a few  tenths  of  a volt  are 

expected  between  different  grains  of  a copper  surface.  The  work 

function  of  the  100  surface  of  a single  copper  crystal  has  been 
9 

measured  and  found  to  be  about  4.8V,  while  measurements  on  the  111 
surface  of  a bulk  sample  gave  a work  function  of  4.9  The 
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work  function  of  the  100  surface  of  an  evaporated  copper  film  was 
measured  at  4.5  eV.^^ 

4 

Kitteborn  has  shown  that,  assuming  a random  distribution  of 
patches  of  characteristic  dimension  a havi.ng  electrostatic  poten- 
tials just  outside  their  surfaces  of  either  + 0.1  \'  or  - 0.1  V, 
the  spatial  variations  in  potential  at  a distance  r above  the 
composite  surface  may  be  estimated  by 

= 0.06  (a/r)  eV  . C2.5) 


For  the  case  of  the  drift  tube  used  in  the  hitteboin  fairbank 

free  fall  experiment  we  have  r = 2.5  cm:  also,  the  as=uniption  of 

+ 0.1  V and  - 0.1  V patch  potentials  should  be  a close  approximation 

to  the  actual  situation.  The  characteristic  patch  diameter,  however, 

is  a bit  more  difficult  to  ascertain.  The  drift  rube  u.as  fabricated 

by  electroforining  copper  onto  an  aluminum  mandrel  polished  to  a mirror 

finish;  the  mandrel  was  later  dissolved  ai.ay  using  KOH.  TTie  resulting 

surface  was  lightly  etched  with  a mixture  of  nitric  and  phosphoric 

acid.  This  procedure  was  believed  to  produce  a surface  having  very 

small  crystallites.  Examination  of  the  drift  Tube  suj'face  with 

conventional  optical  metaliographic  techniques  indicated  that  the 

10 

crystallites  were  less  than  1 micron  in  dj.ametei.  “ Using  this 
value  in  Eq.  (2.5)  we  obtain 


= 0.06 


-4 

10  cm 
2.5  cm 


2.4xio‘\'V  . 


Ihis  result  is  too  large  b)'  several  orders  of  magnlTude  to  be  con- 
sistent with  the  results  of  the  Witteborn-Fairbank  experiment. 
Kitteborn  and  Fairbank  found  that  applied  electric  fields  in  the 


drift  tube  as  small  as  2.5x10  V/m  produced  a significant  effect 
on  the  electron  time-of-flight  distribution.  This  would  seem  to 
constitute  an  approximate  experimental  limit  on  the  magnitude  of 
random  fluctuations  in  potential  along  the  drift  tube  axis  since 
potential  fluctuations  much  larger  than  this  value  would  totally 
mask  the  effect  of  the  applied  field. 

The  above  calculation  of  patch  effect  potential  fluctuations 
along  the  drift  tube  axis  assumes  total  randomness  in  the  distribu- 
tion of  patches.  Much  different  results  are  obtained  if  some  form 
of  ordering  is  present  in  the  patch  distribution.  For  example, 

g 

Herring  and  Nichols  have  worked  out  the  potential  <5>Cxyz)  at  a 
distance  z above  an  xy  plane  which  has  its  various  types  of  patches 
recurring  periodically  with  period  X in  the  x direction  and  Y in  the 
y direction: 

CO  00 

1 I sin(27rnx/X)  + b cos(2nnx/X)] 

m=l  n=l  " 

X [c^  sin  (27rmy/Y)  + d^^^  cos  (2irny/Y)  ] 

X exp[-2TTz(n^/X^  + . (2.6) 

If  we  assume  a "checkerboard"  distribution  of  + 0.1  V and  - 0.1  V 
patches  as  shown  in  Fig.  2.1  then  with  the  choice  of  origin  indicated 
in  the  figure,  Eq.  (2.6)  becomes 

OO  CO 

$(xyz)  = il>  + ^ {[a  sin(2Tmx/X)  sin  (2Trmy/Y)  ] 

m=l  n=l 

X exp[-2irz(n^/X^  + m^/Y^)^''^]}  , (2.7) 

where  a^j^  = 0.1  V and  all  other  a's  are  zero.  Inserting  these  values 
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Fig.  2.1.  A completely  periodic  patch  distribution 
at  a surface. 


for  the  a and  taking  X = Y we  obtain; 
nm 


4>(xyz)  = $ + 0.1  V sin(2TTx/X)  sin(2Try/i) 


X exp  [-2nz  . 


(2.7) 


If  we  take  z = 2.5  cm  (the  drift  tube  radius)  and  X = 0.1  cm  (about 
the  largest  patch  period  that  could  be  expected)  then  we  can  calcu- 
late the  maximum  potential  fluctuation  in  the  tube  produced  by 
patch  effect  fields: 


$ -^=0.1  expI-^-^%5.  cmjV2j 

max  ^ * 0 . 1 cm  •' 


= 0.1  e'^^^  V ^ 10'®^  V . 


Such  a completely  periodic  distribution  of  patches  is,  of  course, 

4 

not  at  all  likely.  However,  as  Wittebom  points  out,  it  is  of 
interest  to  see  just  how  dramatically  one  can  change  the  magnitude 
of  the  patch  effect  potential  gradients  introducing  ordering  into 
the  patch  distribution. 

A much  more  plausible  form  of  ordering  is  nearest-neighbor 

ordering,  in  which  each  patch  having  a higher  than  average  potential 

is  adjacent  to  a patch  having  a lower  than  average  potential.  We 

do  not  demand  any  periodicity  in  the  patch  distribution;  we  merely 

require  that  the  patches  always  occur  in  positive-negative  pairs. 

13 

Madey  has  performed  a calculation  which  is  applicable  to  such  a 
situation,  since  nearest-neighbor  ordering  is  expected  to  produce 
the  nearly  sinusoidal  potential  auto-correlation  function  which  is 
central  to  his  argument.  For  the  case  of  the  drift  tube  used  in  the 
electron  free  fall  experiment,  Madey  finds  an  rms  potential 


-14- 


this  value  is  essentially  consistent  with  the  IVitteborn-Fairbank 
results . 

A.S  we  mentioned  earlier,  surface  contamination  is  capable  of 
greatly  modifying  patch  effect  fields.  While  care  was  taken  to 
avoid  gross  contamination  of  the  surface  of  the  free  fall  drift  tube, 
contamination  at  the  microscopic  level  was  most  certainly  present. 
First,  we  would  expect  an  oxide  layer  of  20  or  so^^  since  the 
drift  tube  was  exposed  to  air  for  several  days  before  it  was  placed 
in  the  high  vacuum  environment  of  the  apparatus.  Fne  tube  was  baked 
oat  at  100°C  for  several  hours  after  it  was  placed  in  the  apparatus 
vacuum;  however,  this  process  primarily  desorbs  H.,0  without  having 
an  appreciable  effect  on  the  CnO  layei . Other  adsorned  gases  are 
also  expected  to  be  present,  bctli  as  .a  i . ai  of  the  initial  exposure 
to  air  and  as  a result  of  additional  adsorption  of  residual  gas  when 
the  apparatus  is  cooled.  In  particular,  under  the  operating  conditions 
of  the  Witteborn-Fairbank  experiment  the  primary  residual  gas  in  the 
vacuum  chamber  which  encloses  the  drift  tube  is  He,  mainly  because 
the  j.on  pump  employed  pumps  He  least  efficiently.  Since  it  has  been 
determined  in  direct  experimeutai  studies^’’  that  He  adsorbs  on  copper 
to  a quite  significant  extent  at  4.2°K,  we  would  expect  some  additional 
adsorption  of  He  on  the  walls  of  the  Witteborn-Fairbank  drift  tube 
upon  cooling  the  apparatus  to  4.2°K.  Since  gas  adsorption  is 
observed  to  occur  preferentially  or.  certain  crystallites  of  a 
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polycrystalline  metal,  some  smoothing  of  contact  potential 
variations  might  be  expected  from  such  adsorption. 

Direct  experimental  studies  of  contact  potential  variations 

along  metal  surfaces  under  various  surface  conditions , including 

a study  of  the  effect  of  various  degrees  of  oxidation  on  the  contact 

1 8 

potential  variations,  show  large  changes  in  contact  potential  with 
chaiiges  in  surface  conditions.  However,  these  results  do  not  seem 
to  imply  that  contact  potential  differences  in  polycrystailine  copper 
would  be  reduced  much  below  0.1  V by  adsorbed  gas  smoothing. 

Thus  it  appears  that  if  one  makes  the  customary  assumption  of 
randomness  in  the  patch  distribution  on  the  walls  of  the  Wittebom- 
Fairbank  drift  tube,  axial  potential  variations  of  about  10  ^ V should 
be  present.  Ihe  ability  of  Witteborn  and  Fairbank  r,o  pass  10~^^  eV 
electrons  through  their  drift  tube  is  quite  remarkable.  Although  we 
have  seen  how  nearest-neighbor  ordering  can  greatly  reduce  the  poten- 
tial fluctuations  along  the  drift  tube  a;c  , it  is  not  clear  that 
there  is  any  reason  to  believe  that  the  electroforming  fabrication 
process  would  lead  to  such  nearest-neighbor  ordering.  The  Wittebom- 
Fairbank  results  strongly  suggest  the  presence  of  a surface  shielding 
layer  on  the  drift  tube  walls.  Such  a shielding  layer  would  most 
likely  involve  electron  states  based  on  the  surface  layer  of  copper 
oxide  although  adsorbed  gas  might  also  have  a small  effect  on  the 
nature  of  possible  electron  states.  The  effects  of  adsorbed  gas  are 
assumed  to  be  small  since  (as  we  will  show  in  Chapter  4)  the  surface 
shielding  layer  appears  to  become  inoperative  above  9°K  or  so,  while 
the  change  in  the  amount  of  adsorbed  gas  between  4.2°K  and  9°K  amounts 
to  much  less  than  a monolayer.  We  will  say  more  about  possible 
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surface  shielding  mechanisms  later  in  this  chajUcr  when  we  discuss 
the  shielding  of  gravitationally-induced  electric  fields  in  the 
drift  tube. 


2 . 5 Gravitat ionally-Induced  .Pjelds 

Gravitationally-induced  electric  fields  in  metals  were  in  a 

sense  first  studied  in  the  Tolman-Stewart  electron-inertial  effect 
19  , 

experiment.  in  tne  electron-inertial  experiments  a conductor  is 
accelerated  and  the  resulting  current  in  the  conductor  is  measured 
(Tolman  and  Stewart  rapidly  decelerated  a rotating  coil  of  wire). 

Since  we  know  from  the  equivalence  principle  of  general  relativity 
tliat  a conductor  in  a gravitational  field  is  equivaleiit  to  an 
accelerated  conductor,  a conductor  placed  in  a gravitational  field 
ought  to  develop  an  internal  electric  field. 

Tne  electric  field  induced  in  a metal  by  the  action  of  gravity 
can  be  viewed  as  a special  case  of  the  m'  c j,eneral  phe)iomenon  of  a 
stress-induced  shift  in  the  work  functicn  of  a metal.  Gravity  induces 
a stress  gradient  in  a metal,  thus  giving  rise  to  an  electric  field 
equal  to  the  resulting  work  function  gradient. 

Stress-induced  work  function  shifts  in  general  and  gravitationally- 
induced  electric  fields  in  particular  have  been  investigated  by 
several  theorists  and  experimentalists  during  the  last  few  years. 

Wc  will  look  first  at  the  theoretical  rt'sul  ts  ai  d then  turn  to  a 
consideration  of  the  experiments. 

2.3.1  Theoret ical  Results 

The  electric  field  outside  a conductor  placed  in  a gravitational 
field  was  first  calculated  by  Schiff  and  Barnhill^  in  1966.  They 
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approached  the  problem  by  first  considering  a test  charge  placed  at 
an  interior  point  along  the  axis  of  a vertical  metal  tube  not 
subject  to  gravity  and  finding  the  consequent  arrangement  of  the 
lattice  and  the  electron  gas  of  the  metal  and  the  resulting  modified 
Hamiltonian  for  the  interacting  electrons  and  nuclei  of  the  metal. 

A reciprocity  relation  was  then  employed  to  show  that  the  electric 
field  along  the  axis  of  the  tube  is  proportional  to  the  gradient  of 
this  modified  Hamiltonian  with  respect  to  the  position  of  the  test 
charge.  In  this  way  they  obtained  a relation  between  the  gravita- 
tionally-induced charge  rearrangement  in  the  tube  and  the  electric 
field  along  the  tube  axis.  For  the  case  of  a vertical  copper  tube 
in  the  earth's  gravitational  field  they  obtained  the  result 
E = - mg/e  where  the  minus  sign  indicates  a downward  field  and  m is 
the  electron  mass.  This  would  imply  that  an  electron  traveling  along 
the  axis  of  the  tube  would  feel  zero  net  force  since  the  electron 
field  from  the  tube  walls  would  just  balance  the  force  of  gravity 
on  the  electron. 

A later  calculation  by  Dessler,  Michel,  Rorschach,  and  Trammel 
2 

(DMRT)  showed  that  Schiff  and  Barnhill  (SB)  had  in  effect  failed  to 
take  into  account  properly  the  distortion  of  the  metal  lattice  caused 
by  its  own  weight.  By  considering  the  effects  of  the  differential 
lattice  compression,  DMRT  obtained  a result  for  the  gravitationally- 
induced  electric  field  outside  copper  which  is  larger  than  the  SB 
estimate  by  about  four  orders  of  magnitude  and  has  the  opposite 
direction . 

As  we  mentioned  earlier,  SB  used  reciprocity  to  calculate  the 
gravitationally-induced  field  from  the  shift  in  the  center  of  mass 
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of  the  tube  produced  by  the  motion  of  a test  charge.  They  ascribed 

;t  negligible  value  to  the  effect  of  the  test  charge  on  the  lattice 

since  they  assunied  that  the  lattice  charges  would  be  almost  completely 

.shielded  from  the  test  charge  field  by  the  metallic  electrons. 

However,  this  is  not  the  case.  When  one  looks  at  the  details  of  the 

electron  density  distribution  at  the  surface  of  th-  metal  in  the 

presence  of  the  test  charge  and  the  way  in  which  this  distribution 

changes  as  tiie  test  charge  is  moved  it  turns  out  f'.at  there  is  a 

significant  coupling  between  the  test  charge  and  the  lattice.  The  way 

in  whicii  the  test  charge  affects  the  lattice  is  described  in  the 

excellent  and  comprehensive  paper  by  Herring.  Herring  also  shows 

how  under  the  proper  assumptions  the  SB  approach  leads  to  the  same 

value  for  the  gravitationally-induced  field  as  that  obtained  b)  DMRT. 

21 

In  a second  paper  on  the  topic,  Schiff  acknowledged  the  correctnes,' 
of  Herring's  treatment. 

The  basic  approach  used  in  the  Dl'TT  caiculation  is  to  calculate 
the  field  inside  the  metal  by  making  use  of  the  fact  that  the  electro- 
chemical v.otcntjal  must  be  constant  throughout  the  metal  under  ' 

conditions  of  thorrnc.’j'nam.i  c equilibrium.  The  internal  field  is  pro- 
portional to  the  work  function  gradient  in  the  metal  and  as  we  saw 

1 

in  Sec.  2.2  a work  function  gradient  in  the  metal  can  be  related  to 
an  electric  field  outside  the  metal.  However,  tlie  determination  of 
the  external  field  is  much  less  precise  than  our  knowledge  of  the 
internal  field  since  surface  effects  greatly  modify  the  value  of  the 
external  field. 

In  Sec.  2.2  we  wrote  the  electrochemical  potential  in  a 
conductc:r  as 
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U(r)  = u(r)  - e?>  (r)  ± (potential  terms  from 

other  external  forces)  (2.3) 

where  p(r)  is  the  Fermi  level  at  r and  <I>^(r)  is  the  electrostatic 
potential  at  point  r in  the  conductor.  In  this  case  the  external 
force  we  are  considering  is  the  force  of  gravity  on  the  electrons 
so  the  electrochemical  potential  becomes 


y(r)  = y(r)  - e$^(r)  - mg*r  = const. 


(2.8) 


where  in  making  the  second  equality  we  have  assumed  thermodynamic 
equilibrium.  Thus  the  internal  field  is  given  by 


mg*  r j 
= - grad  ' e 


(2.9) 


where  "?■  is  the  unit  vector  in  the  r direction. 

We  consider  a cylinder  oriented  along  the  z-axis,  which  we  take 
to  be  anti-parallel  to  g.  Then  g*r  = - g and  we  have 


E. 

~i 


dp 


(2.10) 


where  u., 
jk 

employed. 


IS 


is  the  strain  tensor  and  the  summation  convention  is 
Since  the  only  non- zero  component  of  the  stress  tensor  o.. 


a^z  = -Pg(h  - z)  = pg(z  - h)  0 < z < h (2.11) 


where  p is  the  mass  density  of  the  metal  and  h is  the  height  of  the 
cylinder,  we  have^^ 


u 


zz 


Pg(z-h) 

E 

y 


(2.12) 
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u = u 
XX  yy 


where  E is  Young's  modulus  for  the  metal,  o is  Poisson’s  ratio,  and 

^ • 23 

all  other  u.,  are  zero.  Then  using 
J k 


h*'  2 .2/3 

= ^ (3it  n) 


(2.14) 


and  the  relation 


du 

(dV/V) 


(dn/n) 


(2.15) 


where  dV/V  is  the  deformation  produced  by  the  change  of  strain  du_ 


and  n is  the  number  of  conduction  electrons  per  unit  volume,  we  have 


= -|p  . 
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where  n^  is  the  unstrained  electron  number  density  and  M is  the  mass 
of  a lattice  ion. 

For  copper  we  have^^  E^/(l-2o)  = 4 10  erg/cm"  and 

12  3 

n^^p  = 0.95x10  erg/cm  ; thus 

E.  ih  (^)  ^ 0.15 

1 z e 3 4 e 


10'^  V/m  . 


(2.18) 


This  is  about  four  orders  of  magnitude  larger  than  the  SB 


result  and  has  the  opposite  direction. 

Actually  DMRT  quote  their  result  for  the  internal  field  as 

= (g/e)  [yM  - m]  (2.19) 

where  they  use  y to  represent  essentially  the  ratio  of  the  elasticity 

modulus  of  the  electron  gas  to  that  of  the  bulk  metal.  Their  estimate 

of  a Y based  on  a free-electron  model  of  1/7  for  copper  is  basically 

the  same  as  the  effective  estimate  of  Y we  have  used  in  Eq.  (2.18). 

They  also  give  an  approximate  estimate  for  y of  0.085  based  on  an 

26 

e.xpression  for  p due  to  Wigner  and  Bardeen  which  should  more  nearly 
represent  the  actual  situation. 

The  ONIRT  calculation  predicts  the  internal  field  in  the  metal 
caused  by  a strain  gradient;  the  external  field,  of  course,  will 
depend  on  the  exact  surface  conditions  which  pre'.ail,  just  as  in  the 
case  of  the  patch  effect  fields.  The  exLer.ai  field  will  be  the  same 
as  the  internal  field  only  for  an  "ideal"  surface. 

As  wc  mentioned  previously,  Herring  obtained  a similar  result 
using  the  SB  method  by  carefully  considering  the  role  of  surface 
stress  in  allowing  a test  charge  to  couple  to  the  ion  lattice.  Calcu- 
lations of  the  gravitationally-induced  field  have  also  been  performed 

2 7 

by,  among  others,  Peshkin  and  Rieger.  Peshkin  ' used  the  Thomas-Fermi 
model  to  determine  the  internal  field  in  the  metal;  he  obtained  essen- 
tially the  DMRT  result.  However,  he  also  presented  an  argument  which 
suggested  that  the  external  field  would  have  approximately  the  value 
originally  predicted  by  SB.  His  argument  assumed  a high  degree  of 
shielding  provided  by  the  conduction  electrons  very  near  the  surface. 
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However,  a later  calculation  by  Schiff  indicated  that  this  high 

degree  of  shielding  is  not  present. 

29 

Rieger  calculated  the  internal  gravitationally-induced  field 
in  several  metals  from  the  electron-phonon  interaction.  He  obtained 
a value  of  4 x lo  ^ V/m  for  copper,  although  he  comnierits  that  the 
field  may  well  be  an  order  of  magnitude  smaller  if  the  electron-phonon 
coupling  constant  is  determined  from  ultrasonic  attenuation  data  (more 
nearly  related  to  the  case  of  gravitationally-induced  lattice 
distortion)  rather  than  from  resistivity  data. 

Thus  it  seems  that  the  theorists  are  now  in  basic  agreement  that, 
barring  unusual  surface  shielding  effects,  an  electric  field  of  about 
10  ^ V/;n  should  exist  along  the  axis  of  a vertical  copper  tube.  We 
will  discuss  in  Sec.  2.4  (and  again  in  Chapter  SI  some  of  the  jjossible 
surface  shielding  mechanisms  which  coulr,'  yield  a mucr.  smaller  value 
of  axial  electric  field  under  the  condirion.s  of  r.’ie  Wittebom-Fairbank 
experiment . 

2.5.2  Experimental  Results 

As  we  have  mentioned  earlier,  the  Wittehorn-Fai rbank  (WF) 

experiment  found  the  ambient  electric  field  along  the  axis  of  a 

vertical  copper  drift  tube  to  hav°,  within  lOHi  or  so,  just  the  value 

first  calculated  by  Schiff  and  Barnhill,  - .S.6  x lo  V/m.  This  result 

- 1 1 - 1 ^ 

was  obtained  with  a residual  gas  pressure  of  10  - 10  “Torr  and  a 

drift  tube  temperature  of  4.2°K.  ITie  upward  electric  field  of 

-6  -1'’ 

10  V/m  predicted  by  DMRT  was  somehow  reduced  below  5 x lo  V/m 

outside  the  surface  of  the  copper  tube. 

This  surprising  discrepanc;.'  between  a carefully  performed 

experiment  and  a generally  accepted  theory  has  motivated  several 
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experimenters  to  conduct  experiments  in  which  the  strain-induced 
electric  field  outside  a metal  surface  could  be  directly  measured. 

In  all  such  experiments  to  date  strain  gradients  have  been  produced 
in  a metal  by  some  means  other  than  the  action  of  tlie  Earth’s  gravity. 
However,  this  in  itself  should  not  be  important  since  strain  gradients 
should  be  equally  effective  in  producing  electric  fields  in  the  metal 
regardless  of  their  origin.  Also,  many  of  the  experiments  employed 
strains  several  orders  of  magnitude  larger  than  those  present  in  the 
WF  experiment;  this  difference  is  of  more  concern  in  making  compari- 
sons of  results  than  the  origin  of  the  strain.  The  conditions  of 
vacuum  and  temperature  varied  greatly  from  one  experiment  to  the 
next . 

30 

Beams  used  capacitive  probes  to  measure  the  electrostatic 
potential  at  several  different  radial  positions  above  a spinning 
aiuminuiTi  cross.  The  experiment  was  conducted  at  room  temperature 
with  a background  pressure  of  about  10  Torr.  The  rotor  turned  at 
650  rps,  producing  an  acceleration  at  its  circumference  of  10^  g. 

Since  there  was  a tensile  strain  whose  magnitude  increased  with  the 
distance  from  the  rotation  axis,  a sizeable  contact  potential 
difference  was  expected  between  the  axis  and  points  near  the  circum- 
ference of  the  rotor.  Beams  indicates  that  his  results  agree 
substantively  with  the  DMRT  predictions  (he  does  not  quote  quanti- 
tative results).  He  cites  the  presence  of  sizeable  fluctuations  in 
the  data  resulting  from  differences  in  residual  gas  bombardment  of 
the  rotor  and  in  surface  contamination. 

Experiments  in  which  uniform  deformations  were  produced  in  a 

31  32 

range  of  metals  were  performed  by  Craig  and  by  French  and  Beams. 


-24- 


In  these  experiments  Kelvin-type  (vibrating  elertrodej  probes  were 
used  to  measure  the  contact  potential  difference  between  the 
reference  electrode  and  the  sample  as  a function  of  the  stress 
applied  to  the  sample.  Both  sets  of  experiments  were  conducted  at 
room  temperature  and  atmospheric  pressure.  In  botii  cases  the  results 
were  in  good  agreement  with  the  predictions  of  the  DMRT  theory, 
although  again  considerably  fluctuations  were  present.  In  particular, 
1-rench  and  Beams  found  that  the  contact  potiiitial  .shift  for  copper 
could  have  either  sign,  depending  on  whether  the  sample  w.as  annealed 
or  work  hardened.  Also,  they  found  that  a .shift  in  the  sign  of  the 
effect  for  annealed  samples  would  occur  when  tne  sample  was  stre.ssed 
the  point  of  plastic  flow. 

Ail  experiment  which  closely  simulated  the  s.’na!  I non-unilorm 
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compression  gradient  of  the  WF  experiment  was  conducted  by  Guptill, 
who  mechanically  accelerated  copper  tubes  an,!  ti  asurc-d  the  resulting 
change  in  the  contact  potential  between  ..-.tenor  points  with 
capacitive  probes.  The  experiments  were  conducted  at  room  temperature 
under  .itmosphe’-ic  pressure.  He  obtained  results  which  are  consistent 
with  the  DMRT  tneory  if  their  parameter  y is  taken  to  be  0.1  (he 
obtained  an  experimental  y of  0.10  t 0.01).  Such  a value  of  y is 
intermediate  between  the  two  estimates  provided  by  DMRT  first  on  the 
free-electron  model  and  then  on  the  Ki gner- Bardeen  model.  Guptill 
of  course  measured  the  external  contact  potential  difference  while 
the  DMRT  result  applies  directly  only  to  the  internal  strain-induced 
field.  The  extent  of  the  agreement  between  his  results  and  the  DMRT 
value  is  thus  surprising. 
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Guptill's  experiment  is  especially  interesting  in  that  he  was 
able  to  measure  separately  the  DMRT  and  the  SB  contributions  to  the 
acceleration-induced  electric  field  (although  the  internal  field 
from  the  SB  effect  is  measured  in  contrast  to  the  external  measure- 
ment of  the  field  from  the  DMRT  effect) . Tlie  SB  effect  is  capable 
of  serving  as  a source  of  emf;  in  particular,  if  a metal  cylinder  is 
caused  to  undergo  an  acceleration  which  varies  sinusoidally,  a 
sinusoidal  current  at  the  same  frequency  will  be  induced  in  a wire 
which  connects  the  ends  of  the  cylinder.  Because  there  is  no  strain 
gradient  along  the  connecting  wire  (any  strain  in  the  cylinder  drops 
to  zero  at  the  junction  of  the  cylinder  and  the  connecting  wire),  no 
DMRT  field  will  exist  along  it  and  hence  no  current  (other  than 
perhaps  a small  transient  current)  will  flow  in  the  wire  as  a result 
of  the  DMRT  field  in  the  cylinder.  Guptill  obtained  exactly  the 
predicted  value  for  the  SB  field  with  an  uncertaj nty  of  5%. 

Another  experiment  which  employed  a i:c..hanicaily  accelerated 

metal  sample  monitored  with  a capacitive  pickup  was  performed  by 
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Brown  e^  The  results  of  that  experiment  for  tlie  case  of  copper 

are  smaller  than  Guptill's  results  by  a factor  of  about  20  (only  the 
external  field  from  the  DMRT  effect  was  measured). 

Enga^^  has  made  a careful  study  of  five  different  mechanisms 
which  can  produce  a strain-dependent  potential  on  a metal  surface. 

In  particular,  he  points  out  the  importance  of  the  anisotropy  in  the 
deformations  of  the  various  crystal  grains  in  a polycrystalline 
sample  subject  to  stress  (the  variety  of  types  and  orientations  of 
crystal  face  junctions  in  a polycrystalline  metal  results  in  a highly 
anisotropic  stress  tensor  within  the  metal  when  a unidirectional 
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stress  is  applied  to  the  bulk  sample).  To  quote  from  Knga's  paper' 

"Those  crystallites  strained  in  their  hard  direction  will  change 

their  exposed  surface  area  relatively  less  than  t'lose  strained  in 

their  easy  directions.  The  different  crystal  face's  •.xposed  have 

different  -work  functions;  hence,  the  relative  change  of  area  under 

[a]  Kelvin  probe  of  these  faces  can  lead  to  a large  signal  [for  the 

strain-induced  potential  shift]  for  a relative-  change  of  area  of  only 
-4 

about  10  ."  He  suggests,  on  the  basis  of  experiments  reported  in 

his  paper,  that  the  anisotropic  elastic  strain  effect  could  be  as 

2 -1 

large  as  ± 2S0  yV  fkgf/mm  ) depending  on  the  nature  of  the  copper 
sample.  In  terms  of  the  measurement  of  the  gravitational ly- induced 
external  electric  field  in  copper  this  translates  to  a possible 
variation  of  i 2.2^10  ^ V/m  in  the  observed  field;  i.e.,  a possible 
variation  slightly  larger  than  the  expected  magnitude  of  the  DMRT 
field.  The  anisotropic  elastic  strain  effect  n.a;-  help  explain  at 
least  a portion  of  the  variation  in  the  -■.•suits  of  different 
experiments  on  the  magnitude  of  the  strain-induced  field  outside 
copper. 

A completely  different  technique  was  employed  by  Goldstein 
et  to  measure  internal  strain-induced  electric  fields  in 

aiuminura.  'fliey  applied  compressional  acoustic  waves  to  Al-Pb  super- 
conducting tunnel  junctions  in  such  a manner  as  to  produce  a 
compressional  strain  gradient  in  the  A1 . liy  the  HMRT  theory  this 
strain  gradient  results  in  an  electric  field  ’n  the  Al;  Goldstein 
et,  al  . detected  the  electromagnetic  waves  induced  by  this  field.  They 
d( termined  strain  directly  from  the  measuTcd  conversion  efficiency 
of  mic'A-owaie  power  to  acoustic  power  so  that  t’lcir  results  are  q-uoted 


in  terms  of  the  contact  potential  shift  produced  by  a given  strain. 

If  we  assume  that  the  strain  "s"  referred  to  by  Goldstein  e^  al_.  can 

be  related  to  an  effective  z-directed  stress  o by 
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[Ey/(1  - 2a)]  s 


(2.20) 


then  we  can  convert  their  result  of  a contact  potential  shift  of 

18  yV  for  an  s value  of  (1-2)  x 10  ^ to  the  form  of  contact  potential 

shift  per  unit  stress.  Taking  a value  of  2.4  x N’/m^  for 

Ey/(1  - 2a)  for  A1  at  about  2°K^^  (the  temperature  usfd  by  Goldstein 
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et  al.),  we  find  that  their  result  becomes  0.37S-0.75  mV  (kgf/mm  ) 


If  we  convert  this  result  to  an  effective  gravitationally-induced 
electric  field,  we  obtain  the  value  1-2  x 10  ^ V/m;  this  is 
approximately  the  result  expected  on  the  basis  of  the  DMRT  theory. 

This  e.xperiment  is  the  only  one  known  to  the  author  which  actually 
measures  the  internal  electric  field  predicted  b>  OMRT ; it  seems  to 
provide  a nice  verification  of  the  corrercness  of  their  approach. 

Since  the  experiment  does  not  look  at  the  external  strain-induced 
field,  it  does  not  provide  any  information  about  the  possible  role 
of  low  temperatures  in  the  formation  of  surface  states  capable  of 
shielding  the  outside  of  the  metal  from  fields  present  in  the  bulk. 

We  present  in  Table  2.1  a summary  cf  theoretical  and  experimental 
results  on  the  work  function  shift  produced  when  stress  is  applied  to 
a metal.  We  include  in  the  table  values  for  both  copper  and 
aluminum.  The  table  is  not  necessarily  complete;  however,  all 
important  results  with  which  the  author  is  familiar  have  been  included. 
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2.4  Reconciliation  of  Wittcborn-Fairbank  Results  with  77ieoretical 
Predict  ions  and  Results  of  Other  Experiment  s 

It  appears  now  that  all  theorists  who  have  considered  the 

question  of  the  gravjtationally-induced  electric  field  in  a metal 

are  in  general  agreement  on  the  basic  validity  of  the  D.MRT  theory. 

Tlie  one  experiment  which  has  measured  the  inteiTial  field  in  a metal 

subject  to  a strain  gradient  produced  results  which  are  in  reasonably 

good  agreement  with  the  DMRT  predictions.  The  nature  of  the  electric 

field  outside  the  metal  arising  from  the  intci'i;.  1 field  is  a more 

complex  issue.  Normal  electrostatic  cont  hi-ut;  conditions  imp’y  that 

the  tangential  electric  field  should  remain  .enstant  as  the  surface 

of  the  metal  is  crossed.  However,  there  are  .roMcins  in  making  a 

straigntforward  application  of  this  prirciph  to  the  si'^ua^ion  at 

35 

hand  since  it  -mplies  a very  idealistic  view  ot  metal.  Enga  has 

siiown  how  the  details  of  the  patch  distribution  .it  > he  surface  of  a 

pclycrystalline  metai  can  produce  strain- 1 . i notential  vaiiations 

2 ^ 

as  large  as  ± 250  uV  (kgf/nun  ) , parti  .Miarly  through  the  anisotropic 

elastic  strain  effect.  Also,  we  discussed  in  Sec.  2.2  the  ability  of 
small  levels  of  surface  contamination  to  produce  rather  large  shifts 
in  the  elrclric  field  outside  a surface.  Enga's  work  shows  that  the 
presence  of  a surface  film  can  result  in  an  additional  mechanism  for 
the  production  of  strain-induced  potentiul  variations. 

One  feature  which  stands  out  rather  stror;g,.y  when  the  various 
experimental  studies  of  the  problem  ar*  renewed  is  the  tremendous 
variation  in  the  magnitude  (and  even  the  .^ign)  of  the  strain-induced 
cont.act  potential  shift  with  the  surface  and  bulk  properties  of  the 
sample.  For  example,  it  the  careful  series  of  nxperim.ents  performed 
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by  F'rench  and  Beams  , the  strain-induced  shift  in  contact  potential 

2-1 

in  copper  ranged  from  a value  of  - 120  pV  (kgf/mm  J for  fully 

2 -1 

work-hardened  copper  to  + 600  pV  (kgf/mm  ) (calculated  on  the 
basis  of  their  Fig.  2)  for  annealed  copper  with  the  contact  poten- 
tial shift  per  unit  stress  depending  on  the  stres.s  level.  The 

uncertainties  in  the  contact  potential  shift  were  especially  large 

2 

at  stress  levels  below  1 kgf/mm  . To  quote  from  their  paper  concern- 
ing measurements  on  copper  from  0-1  kgf/mm^:  "Actually,  in  some 

cases  the  initial  observed  change  [in  contact  potential]  was  zero 
or  slightly  positive  for  small  stresses,  but  changed  sign  before 
reaching  stresses  of  1 kg[f]/mm^." 

We  should  also  note  that  the  sign  of  the  contact  potential  shift 
for  work  hardened  copper  varies  from  one  experiment  to  another.  In 

Craig's  experiment^^ , compression  produced  a positive  shift,  in  Brown 
34 

et  al . a negative  shift,  while  in  the  experimer.t  of  French  and 
Beams^“,  tension  produced  a negative  .shut.  Uf  course,  a direct  com- 
parison of  the  experiments  on  work  hardened  copper  is  difficult 
because  the  degree  of  work  hardening  is  likely  to  vary  considerably 
from  one  experiment  to  another.  All  theories  to  date  predict  a 
decrease  in  work  function  with  compression. 

Thus  we  see  that  even  after  the  considerable  amount  of  experi- 
mental work  on  the  strain-induced  contact  potential  problem  the 
situation  is  far  from  clear.  Enga's  work  points  out  some  of  the  con- 
siderations that  must  be  taken  into  account  in  such  experiments; 
however,  in  most  cases  the  information  needed  to  make  numerical 
corrections  based  on  these  considerations  is  not  available.  It  appears 
though  that  the  bulk  of  the  experimental  evidence  points  to  the 
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existence  of  st rain- induced  electric  fields  outside  co;>per  which 

are  three  to  six  orders  of  magnitude  larger  that:  the  largest"  strain- 

induced  field  which  would  be  consistent  with  t he  hi-  experinient . Thus 

it  seems  that  some  aspect  of  the  condititns  or  .!■?  .'.'i  experiment 

prevented  the  appearance  of  the  strain- ; nduced  field. 

Seterai  differences  between  the  Ivi  expi  riiii..a*  and  the  other 

c.vperiments  have  been  pointed  out  as  possible  ex;'!  an.ii  rons  of  the 

discrepancy.  These  include  the  particular  nature  if  th.e  electro- 

formed  amorpheus  copper  drift  tube  used  bv  hig'’'  ■/acuum 

- 1 2 

[iO  “ Torr)  and  low  temperature  (4.2°K;  opeinting  environment  of  tVie 
2138  - 

WF  experiment"  ’ and  the  small  {,10  " kgf/ii\m'j  , nori-unifonr.  stress 
which  was  present. The  experiments  of  Guptili'^"  ana  of  brown 

j/j 

et  :y_.  suggest  that  the  stress  level  is  not  i he  ucteimining  Isctor. 

Whatever  the  mechanism  may  be,  the  apparent  complete  rd'sence  of  uho 

L'MRT  sr  rain- induced  field  in  the  WF  experime-n*.  , eoms  to  im.pl;>‘  the 

existence  of  <a  shielding  layer  of  negat  x charge  'apparently 

electrons)  on  the  inside  surface  of  the  drift  tube  which  does  not 

share  the  grsvitavionally-induced  deformation  of  the  underlying  metal 

(remember,  "'f  cc  -r.ie,  ciiat  for  the  copper  t’.’be  we  t'o  doubt  hav'e  a 

lb-20  A layei  of  CuO  on  the  surface).  Rorschach  and  Trammel^^  have 

suggested  a "whisker"  model  of  the  surface  which  could  provide  the 

2 1 

requisite  shielding.  Schiff  mentions  the  possibility  of  a fluid 
layer  adsorbed  gas)  whose  eieefrens  would  be  decoupled  from 

the  underlying  metal;  he  also  suggests  that  such  a layer  might  be 
• table  nt  the  •'.2''K  temperature  of  the  WF  experiment  but  roi.  at  the 
-ur  temperatures  present  in  the  other  experiments  which  studied 


•'  ■•.■•rru-il  strain- induced  electric  field. 


As  we  ineationed  in  Sec.  2.2,  the  walls  of  the  drift  tube  do 


have  a surface  layer  of  adsorbed  gas  which  may  have  a role  in  the 
surface  shielding  effect.  However,  the  possibility  that  increased 
adsorption  of  gas  at  low  temperatures  is  directly  responsible  for  a 
temperature-dependent  shielding  effect  in  the  IVF  experiment  seems 
unlikely,  since  the  residual  gas  pressure  in  the  WF  apparatus  prior 
to  cooldown  is  far  from  high  enough  to  allow  an  additional  monolayer 
of  gas  to  be  adsorbed  on  the  drift  tube  surface  at  4.2°K. 

In  any  event  it  seems  clear  from  our  discussion  of  the  WF 
experiment,  the  theoretical  predictions,  and  the  work  of  other 
experiments  that  some  form  of  unusual  surface  sliiciding  is  occurring 
in  the  WF  experiment.  After  we  have  established  in  Chapter  4 the 
nature  of  the  temperature  dependence  of  this  anomalous  shielding  we 
will  return  to  a consideration  of  some  possible  surfac.  state  models 
which  incorporate  an  appropriate  temperature  d tpundence . 


□lAPTER  3 


TECHNIQUE  OE  MEASUREMENT 


3.1  Introduction 

As  stated  in  Chapter  1,  the  objective  of  tiiis  A'ork  is  to  determine 
the  conditions  under  which  the  anomalous  surface  shieidLng  effect 
f'lund  in  t’..e  Witteborn-Fairbank  (WF)  experl meiit  occurs.  We  have 
focused  our  attention  thus  far  on  the  determination  of  whetiier  the 
shielding  effect  becomes  inoperative  at  some  cirift  tube  temperature 
above  4.2°K  and  if  so,  at  what  temperature. 

Vve  use  the  basic,  electron  time-of-fiight  ('i'OF'  tectmique  employed 

by  KF  and  a somewhat  updated  and  niodified  version  ui  tlieir  apparatus. 

Both  their  procedure  and  their  auparatu.s  have  been  described 
3 4 7 

elsewhere  ’ ’ ; however,  for  completeness  we  will  rovinw  very  briefly 
the  main  points  of  the  technique.  We  will  tlien  -.Icscribe  the  ways  in 
which  our  technique  differs  from  tb.at  o.T  n.--.  Hie  changes  in  the 
apparatus  will  be  discussed  in  connec.ion  with  the  apparatus  description 
presented  in  Sec.  3.3. 

In  the  basic  electron  TOP  technique  a short  burst  of  electrons 
i.«^  emitted  from  a pulsed  cathode  and  guided  by  a persistent  super- 
conducting magnet  through  the  shielding  tube,  or  drift  tube,  to  a 
windowless  photomultiplier  detector.  The  drift  tube  is  electrically 
biaseu  so  that  the  electrons  of  intere.st  .iio'-t;  .slowly  onlv  while  they 
arc-  in  the  drift  tube.  In  addition,  magnetic  state  selection  is 
employed  so  that  only  electrons  in  the  cyclotron  ground  state  are 
studied.  This  reduces  to  a negligible  level  tne  effects  of  inhomo- 
geneitj.es  in  the  guide  field  since  the  net  magnetic  moment  of  electrons 
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in  the  ground  state  is  just  the  anomalous  magnetic  moment.  The 
electrons  which  arrive  at  the  detector  are  counted  as  a function  of 
flight  time  by  a multi-channel  scaler.  Mien  the  multi -channel  scaler 
finishes  counting  in  its  final  time-of-flight  channel  it  resets  to 
its  first  channel  and  another  cathode  pulse  is  initiated.  It  is 
possible  to  set  up  an  accurately  known  constant  electric  field  in  the 
tube  by  passing  an  axial  current  through  the  tube  walls. 

The  principal  way  in  which  our  procedure  differs  from  that  of 
WF  is  in  the  analysis  of  the  TOF  spectra.  We  have  chosen  to  sacrifice 
some  directness  of  measurement  in  order  to  gain  speed  of  data  collection 
and  analysis.  WF  used  a multi-parameter  nonlinear  least  squares 
fitting  program  in  order  to  extract  from  the  TOF  distributions  the 
average  force  acting  on  an  electron  while  it  was  in  the  drift  tube. 

The  measured  force  c^ln  then  be  compared  to  the  force  which  is  applied 
by  means  of  the  axial  current;  such  comparismv^  made  over  a range  of 
applied  force  values  allow  a sensitive  del  eririination  of  the  ambient 
force  in  the  tube.  However,  this  method  requires  both  large  amounts 
of  data  for  each  value  of  applied  force  and  large  amounts  of  computer 
time  for  each  fit.  Since  we  were  interested  in  determining  the  nature 
of  the  TOF  distribution  under  a wide  variety  of  conditions,  we  decided 
to  adopt  a differential  technique  which  would  allow  us  to  deduce  from 
a relatively  small  amount  of  data  taken  under  a given  set  of  conditions 
a rough  upper  limit  on  the  magnitude  of  any  ambient  electric  fields 
present  in  the  drift  tube  under  those  conditions.  Our  method  con- 
sists of  establishing  a set  of  experimental  conditions  and  then 
taking  in  the  same  run  data  with  no  applied  electric  field  in  the 
tube  and  data  with  three  different  values  of  applied  field.  Each 


I 

! 

I 

I 

run  thus  consists  of  four  sub-runs.  In  geneiMl,  :in  experimental  run  | 

lasts  for  several  hours;  during  this  time  the  applied  field  is  i 

cycled  through  its  four  values  15-20  times  in  order  to  minimize  the  j 

effects  of  long-term  drifts  in  the  experimental  conditions.  Tlicn, 

rather  than  trying  to  deteimiine  the  observed  force  in  the  tube  for  | 

eacn  of  these  sun-runs,  we  determine  for  eatli  of  the  thiee  applied 
force  spectra  the  ratio  of  the  count  rate  in  eacii  TO?-  interval  to 

I 

the  count  rate  in  the  corresponding  TOP  interval  of  the  zero -appl ied-  | 

force  spectruju. 

In  some  cases  (the  room  temperature,  te.mpera ture_  and  first  j 

1 

LHe  runs),  examination  of  these  ratio  spectra  ai:-'ws  cs  to  detennine  ■: 

j 

only  whether  or  not  a given  applied  force  causes  a depicssion  of  the  i 

slow  electron  flu.e  (slow  electrons  are  d.efined  h'-'i'.'  as  those  i^hich 
arrive  after  the  theoretical  cutoff  ti.me  discussed  ’’  .he  following 

section).  In  the  ca.se  of  the  heated  dri  uata  we  were  able  to  ' 

obtain  from  each  of  the  three  spectra  c'  .Co.i co/no  force  ratios  an 

actual  estimate  of  the  observed  field.  If  we  plot  these  estimates  as 

a function  of  appiieu  field  and  extrapolate  to  zero  applied  field  we 

can  obtain  a determination  of  the  ambient  eouiv-'lent  electric  field  | 

in  the  drift  tube. 

Aside  from  its  advantages  in  terras  of  the  amount  of  data  needed 
to  obtain  usable  results,  this  method  also  seem'=  to  allow  the  TOP 
techni\\ue  to  be  used  in  cases  where  the  ambient  field  is  quite  large 
no  ^ V/m  or  so).  It  is  quite  difficult  to  use  the  multi-parameter 
c.o.'pputer  fit  method  in  such  cases.  Large  ambient  field  values 
generally  correspond  to  situations  in  which  very  little  information 
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is  available  with  which  to  construct  the  model  of  the  potential 
distribution  in  the  tube  needed  by  the  computer  program. 

When  definite  observed  field  estimates  are  obtained,  the 
differential  analysis  technique  does  not  require  an;  knowledge  of  the 
detailed  nature  of  the  tube's  potential  distribution.  In  the  cases 
where  we  can  determine  only  whether  or  not  an  applied  force  causes  a 
depression  of  the  slow  electron  flux  we  must  make  a basic  assumption 
about  the  level  of  applied  force  which  will  affect  the  TOP  distribu- 
tion when  an  arbitrary  potential  distribution  is  present  in  the  tube. 
We  assume  that  the  potential  difference  produced  aloi’g  t.hc  length  of 
the  tube  b>  the  smallest  value  of  applied  electric  field  which  has  a 
significant  effect  on  the  slow  electron  flux  must  be  comparable  to 
the  magnitude  of  the  ambient  axial  potential  variations.  We  present 
some  justification  for  this  assumption  in  Sec.  3.2:  are  able  to 

make  a rather  strong  case  for  saying  that  the  leni  potential  varia- 
tions cannot  be  more  than  an  order  of  magnitude  or  so  larger  than  the 
smallest  applied  potential  gradient  which  significantly  depresses  the 
slow  electron  flux.  Of  course,  this  assumption  is  no  longer  valid 
when  we  consider  applied  forces  so  small  that  their  effects  are  com- 
parable to  those  produced  by  noise  sources  such  as  residual  gas 
scattering,  electrical  noise  in  the  biasing  circuits,  etc. 

We  discussed  in  Chapter  2 the  nature  of  the  expected  ambient 
potential  variations  in  the  tube.  We  will  now  proceed  to  a discussion 
of  the  effect  of  these  potential  variations  on  the  TOP  distribution. 

We  should  note  that  a gravitationally-induced  electric  field  will 
yield  a linear  potential  gradient  in  the  tube;  thus  it  will  produce 
the  same  effect  as  an  applied  linear  potential  gradient.  After  our 
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discussion  of  the  TOP  distributions,  ue  will  describe  the  apparatus 
in  Secs.  3. 3-3.5  and  our  procedure  in  Sec.  3.6. 

3.2  Effect  of  Drift  Tube  Potential  \'ririations  or  the  TOI- _Distribution 

In  the  ideal  case  the  drift  tube  would  act  only  as  a perfect 
electrostatic  shield  so  that  the  only  force  acting  on  r.n  electron  in 
the  tube  would  be  gravity.  Since  the  drift  tube  is  r.orii.ally  made 
0.1  V or  so  more  negative  than  the  cathode,  it  also  serces  as  an 
energy  selector;  only  electrons  which  leave  the  cathode  with  0.1  eV 
or  more  KE  are  able  to  enter  the  drift  tube. 

If  we  for  the  moment  neglect  the  force  of  gravity  on  the  electrons, 
then  in  the  ideal  case  the  TOP  distribution  wi li  be  determined  only 
by  the  velocity  spread  of  the  electrons  emitted  b/  the  cathode  wnen 
we  take  into  account  the  - 0.1  V drift  tube  bxas  If  •.  e lot 
represent  the  energy  which  is  required  if  .ii.  ioctron  is  tu  enter  the 
tube,  the  number  of  electrons  which  er-.-r  the  tube  with  energies 
between  E^  and  E^  + dE  will  be  given  by 


dN  = CCE,.,)dE  ; C3.ll 

C(Eq)  is  determined  by  the  cathode  etiission  and  bias  parameters  (we 

obtain  this  result  in  connection  with  our  discussion  of  the  cathode 

in  Sec.  5.5.2j.  After  integrating  both  sides  of  this  equation,  we 

ge’  the  number  of  electrons  which  have  a Kinetic  iiergy  in  the  tube 

less  chan  !,,  lor  small  values  of  E,  ; 

k k 

NCE  < Ej^l  = C(E^1  Ej^  . (3.21 


These  electrons  will  all  arrive  after  a time  I determined  from 

E^=|n-,  (|)^  (3.3) 

where  s is  the  drift  tube  length.  Thus  the  niaiiber  of  electrons 
arriving  at  time  t or  later  is  given  by 

N(t)  = ic(EQ)ms\""  = (Eg)  t'^  . (3.4) 

We  will  frequently  be  interested  in  the  number  of  electrons  which 
arrive  between  t and  t + At  (this  is  how  ihe  data  is  takeni,  given  by 

AN(t)  = C^(Eg)  [t'“  - (t  + At)'-’]  (3.5) 

which  for  At  t (true  in  all  cases  of  interest)  c comes 

AN(tj  - 2C^(Eg)  At  t"^  . (3.6) 

In  practice  there  is  an  enhancement  of  the  proportion  of 

electrons  having  very  long  flight  times;  we  will  discuss  some  of  the 

possible  reasons  for  this  enhancement  in  the  data  analysis  chapter. 

3.2.1  E f feet _3  Linear  Potential  Gradient 

Any  linear  potential  gradient  in  the  tube,  whether  caused  by 

gravity,  an  applied  axial  current,  or  a gravitationally-induced 

electric  field,  will  exert  a constant  force  on  an  electron  in  the 

tube.  If  we  let  F be  the  net  force  on  the  electron,  we  can  find  the 

TOP  of  an  electron  which  has  velocity  v.  at  the  bottom  of  the  tube 

1 

from  the  equation 
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i 2 , 

s = v^t  + ^ Ft  /m 


where  s is  the  effective  length  of  the  drift  tubc'.  Ke  thus  obtain 


-V.  +v/v.  ^+2F 
1 ''  1 


2Fs/id 


(3.8) 


If  F is  negative  (retarding)  then  the  maximum  TOF  is  obtained  when 
= -2Fs/m  = 2|F|s/m: 


_ / 2ms 

^max  ■ 


(3.9) 


Any  electron  having  a smaller  initial  velocity  is  unable  to  reach  the 

top  of  the  tube.  If  F is  positive  ( accelerating)  then  the  ma.umuai 

TOF  occurs  when  v.  =0: 

1 


/ 2ri3 

^max  ^ F 


(3.10) 


This  is  the  theoretical  "cutoff  time"  in  the  TOF  distribution. 
3.2.2  hffect  of  Random  Potential  Variations 

We  discussed  in  Chapter  2 how  the  patch  effect  produces  random 
potential  fluctuations  in  the  tube  which,  depending  on  the  model 
chosen,  may  be  as  large  as  10  ^ V or  so.  It  is  essentially  impossible 
to  make  accurate  predictions  of  the  effects  of  these  potential  fluctua- 
tion.s  on  the  TOF  distribution  since  we  have  so  little  information 
concerning  the  nature  of  the  patch  distribution  in  the  drift  tube. 

We  can  only  make  a few  general  observations. 

If  the  patch  distribution  is  totally  random  wc  can  reasonably 
expect  that  there  will  be  a region  of  maximum  potential  in  the  tubc; 


the  nature  of  this  potential  bump  will  then  effectively  determine 

39 

the  TOP  distribution  Kincaid  ' has  investigated  the  case  of  a 

ing 

r. 


parabolic  potential  hill;  he  finds  that  the  resulting  TOP  distribution 
a a ~ b / 1 ^ 


goes  as  t “/t*'  for  short  flight  times  and  as  e 


for  long  flight 


times,  where  t is  expressed  i,*  terms  of  4.  , the  amount  by  which 
9 in 

the  high  point  of  the  hill  exceeds  the  average  potential,  and  h,  the 
axial  extent  of  the  hill; 


'm 

Thus  if  is  sufficiently  large  and  the  potential  bump  is  small  in 
axial  extent  compared  to  the  drift  tube  length,  its  presence  will 
significantly  reduce  the  slow  electron  flux  Cbasically  because  the 
lowest  energy  electrons  which  can  pass  through  the  tube  now  have  a 
small  Kb  for  only  a small  portion  of  the  drift  tube  length). 

The  presence  of  a potential  bump  also  determines  a minimum 
linear  potential  gradient  which  will  be  able  to  produce  a cutoff  in 
the  TOP  distribution.  If  we  view  the  potential  bump  as  a minimum 
velocity  selector,  it  is  easy  to  see  that  a linear  gradient  will  not 
cause  a cutoff  unless  it  raises  the  potential  of  the  top  (or  bottom) 
of  the  drift  tube  above  the  level  of  the  bump. 

A linear  gradient  which  is  not  large  enough  to  produce  a cutoff 
will  have  an  appreciable  effect  in  modifying  the  flight  times  of  low 
energy  electrons  which  pass  through  the  tube  if  it  produces  a poten- 
tial at  the  end  (the  top  end  for  our  common  case  of  retarding  applied 
fields)  of  the  tube  which  is  a sizeable  fraction  of  the  potential  of 
the  bump,  he  can  estimate  tlie  magnitude  of  this  effect  by  first 
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calculating  the  effect  of  a linear  gradient  on  the  flight  time  of 
an  electron  having  an  arbitrary  initial  energy  (in  a tube  having 
no  random  potential  variations)  and  then  seeing  how  this  effect  is 
modified  by  the  presence  of  a potential  bump  in  the  tube.  Ihe  flight 
time  of  an  electron  which  enters  the  drift  tube  with  energy  is 
given  oy 


t 


(3.12) 


where  4>(^)  is  the  potential  seen  by  the  electron  at  axial  position  z 
(-|e|  times  the  electrostatic  potential).  If  there  are  no  ambient 
potential  variations  in  the  tube  then  $(z)  = (f  and 


(3.13) 


(we  are  neglecting  gravity  for  the  monienL).  Let  us  now  take  (j)  = 0 
and  assume  a linear  gradient 


(|)(z)  = 4>.,7./s  ; 

cL 


(3.14) 


then  an  electron  which  starts  out  with  total  energy  E\  will  arrive  at 


(t  ^ At) 


If  we  assume  /E.  ^ 1 and  expand  the  root  in  brackets,  keeping  the 

3 1 

first  three  terms,  we  obtain 


(t  + At)  = (^)V2mh. 


(3.16) 


thus  the  added  transit  time  due  to  the  presence  of  the  gradient  is 


At  = 


(3.17) 


and 


At/t 


(3.18) 


This  gives  us  a quick  way  to  estimate  the  effect  of  a linear  gradient 

on  the  flight  time  of  an  electron  which  enters  the  tube  with  a KE 

of  E.  . 

1 

Now  let  us  look  at  the  case  of  a oo:ential  bump  along  the  tube 
axis.  We  will  assume  that,  although  the  presence  of  the  bump  gives 
a few  very  slow  electrons  (according  to  the  results  at  the  beginning 
of  this  section),  the  principal  influence  whicii  the  bmnp  has  on  the 
TOP  distribution  is  its  action  as  a minimum  velocity  selector  which 
allows  only  electrons  which  enter  the  tube  with  a KE  of  E^  or  greater 
to  pass  through.  In  the  presence  of  such  a potential  bump,  a linear 
gradient  which  is  to  have  a 10%  effect  on  the  TOP  of  an  electron  of 
KE  Eq  must  produce  a maximum  potential  of 

‘a  * ^0 

according  to  Eq.  (3.18). 
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Such  a linear  gradient  will  have  only  about  a 51  effect  on  the  TOP 
of  electrons  having  a KE  twice  as  great.  The  effect  on  the  TO.f- 
values  of  even  higher  energy  electrons  will  be  essentially  negligible. 

Thus  we  see  that,  since  there  will  generally  be  very  few 
electrons  in  the  energy  range  - 2Eq  [because  of  the  small  values 
of  Ey  which  we  employ  and  the  distribution  function  i/f  ho  ■ (.5.1)], 
ajiplied  gradients  (or  ambient  linear  gradients)  which  produce  a ma.xi- 
mum  potential  less  than  about  0.4  Eq  will  not  make  observable  changes 
in  the  TOP  spectra. 

Ihe  effect  of  a linear  gradient  which  has  $ > n.4  E will  dej)end 

<i  V 

on  the  location  of  the  potential  bump  in  the  drift  tube.  Por  example, 
if  the  bump  is  located  at  the  top  of  the  drift  tube,  a retarding 
applied  field  will  not  be  able  (even  theoretically;)  to  produce  a 
sharp  cutoff.  For  other  locations  of  the  primary  jjotential  bump,  an 
applied  gradient  which  raises  the  top  of  the  tube  above  the  potential 
of  the  bump  should  be  able  to  produce  a ie;!;;onably  good  cutoff  (at 
least  in  theory).  If  the  applied  gradient  produces  a maximum  poten- 
tial slightly  smaller  than  the  bump  potential,  its  main  effect  will 
be  the  production  of  a depression  in  the  flux  of  electrons  having 
long  flight  times.  The  electrons  which  formerly  arrived  between  t^ 
and  t.,  will  now  arrive  between  [by  Eq.  (3.17)] 


I 

! 


t 


this  time  interval  is  larger  than  the  t,  - t^  interval  by  an  amount 


At 


(3.19) 


This  time  spreading  effect  tends  to  show  up  as  a reduction  in  the 
flux  of  electrons  having  long  flight  times  in  the  applied  gradient 
distribution  as  compared  to  the  distribution  obtained  with  no  applied 
force.  However,  there  is  a counterbalancing  effect:  the  group  of 

electrons  we  are  considering  has  been  shifted  to  its  new  region  of 
arrival  times  from  a region  of  the  TOF  spectrum  in  which  the 
distribution  function  has  larger  values  than  in  the  new  region, 
thus  tending  to  make  the  flux  in  the  new  region  larger  than  it  would 
otherwise  be.  Because  of  the  type  of  deca;,  in  the  TOF'  distribution 
seen  in  most  of  our  work  (decaying  exponential  with  a rather  large 
time  constant) , the  time  dilation  effect  is  much  more  important 
than  the  effect  of  tlie  difference  in  the  distribution  function.  We 
can  determine  the  approximate  extent  of  the  reduction  in  the  slow 
electron  flux  as  follows. 

Let  D (t)  be  the  delay  function  which  gives  the  new  arrival 
time  in  the  presence  of  an  applied  linear  gradient  of  an  electron 
which  formerly  arrived  at  t,  as  obtained  from  Eq.  (3.17): 


D(t)  = t ^ 


a / Hi  s_2  \ -s/2 


= t + yt' 


(3.20) 


1 


I 


/ ' 
fl 

ii 

u 

( 

} 
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wliere  y = 4>  /2ms~.  The  number  of  electrons  which  arrive  between  t 

(i 

and  t + At  with  no  applied  force,  given  by 

*t+At 

/ 

A 


■/' 


at 

e dt 


(.assuming  an  exponential  distribution  function  for  the  slow  electrons) 
will,  with  the  applied  gradient,  arrive  between  D (t)  and  0 (t  + At), 
resulting  in  an  average  flux  in  that  time  interval  of 

*t+At 


■/' 


e“^  dt/  [ D (t  + At)  - D tt)  ] . 


The  average  flux  in  the  same  time  interval  in  the  zero-applied-force 
distribution  is 

Ct+At) 


'/ 

(t) 


.at 


e dt/[  D(t  + At)  - D(t)]  . 


Thus  the  ratio  o^  the  average  flux  in  the  time  interval  D(t)  to 
D (t  + At)  in  a spectrum  taken  with  an  applied  gradient  to  the  average 

flux  in  the  same  interval  in  a similar  spectrum  taken  with  no  applied 

. . ^t+At 

gradient  is 


/ 


at 

e dt 


D(t+At) 

/ e“" 

D(t) 


(3.21) 


dt 


If  we  consider  only  flight  times  less  than  about  100  ms  then  for 
typical  values  of  a we  will  have  at  1,  allowing  us  to  approximate 
the  exponential  with  the  first  two  terms  of  its  expansion.  Then  we 
have 
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m 


r 


At 

t + At  + Y(t+At)^ - (t+At^) 


At 


At  YlCtvAt)  - t'"] 


We  are  interested  in  At  for  which  At/t  , so  this  becomes 


R = 


At 


1 


At  ’-Yft\l.3^)  - t^] 


l + 3Yt 


(3.22) 


It  is  interesting  to  consider  a representative  example.  Say  the 
largest  potential  hill  in  the  tube  has  a maximum  potential  of 

_ g 

2.5x10  eV  and  assume  that  t.he  only  effect  of  this  potential  hill 

is  to  determine  the  mii’imuin  energy  needed  by  an  electron  which  is  to 

reach  the  detector.  .Now  1st  us  apply  a linear  gradient  having  a 

maximum  potential  of  0.1?  = 10  ^ cV.  Electrons  .‘/hich  liave  energies 

a 

- 8 

of  (2. 5-3.0}  X 10  eV  take  about  iu  ms  to  reach  the  detector.  For 

- 8 **  2 

<p  =10  eV  and  s ^ 1 m we  have  y = 870  sec  ^ , so  these  electrons 

Ta 

will,  with  the  applied  gradient,  arrive  at 


-2  -6 

D( 10  mS'  = 10  ms  + 870  sec  (10  sec)  — 11  ms. 


Thu.s  the  ratio  of  the  applied  force  spectrum  to  the  spectrum  with 
no  applied  force  for  a small  time  interval  near  11  ms  will  be 


R = 


1 


l+3(870)(.01j' 


1 

1+0.26 


= 0.79. 


For  this  case  we  get  a significant  depression  of  the  slow  electron 
flux  several  ms  before  the  theoretical  cutoff  at  34  ms. 

The  general  ideas  we  have  discussed  concerning  the  effect  of 
linear  applied  potential  gradients  on  the  TOF  distribution  in  the 
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presence  of  ambient  potential  fluctuations  in  the  drift  tube  are 
used  extensively  in  Chapter  4.  Much  of  the  room  temperature  and 
temperature  analysis  is  based  on  the  assumption  that  an  applied 
gradient  will  not  produce  an  observable  effect  on  the  slow  electrons 
imless  it  produces  a maximum  potential  which  amounts  to  at  least  a 
few  tenths  of  any  potential  fluctuation  in  the  tube.  We  feel  that 
the  validity  of  that  approach  is  established  by  the  foregoing 
analysis . 

The  spatially  fluctuating  radial  electric  fields  produced  by  the 
patch  effect  may  also  affect  the  TOP  distribution  although  the 
likelihood  of  this  is  small.  Since  the  electrons  passing  through 
the  tube  are  in  quantized  cyclotron  states,  changes  in  vhc  xy  motion 
can  occur  only  if  there  is  a cyclotron  transition.  It  the  fluctua- 
tions in  the  radial  electric  field  occur  quasi-adiabatically, 
cyclotron  transitions  will  in  general  not  be  sriniulutod.  Such 
transitions  will  occur  only  if  there  is  a sudden  change  in  the  radial 
field  such  that  the  Fourier  spectrum  of  the  field  change  contains  a 
component  which  has  hv  close  to  the  cyclotron  level  spacing.  It 
seems  quite  unlikely  that  such  large  transitions  will  exist  2.5  cm 
above  a surface  whose  patches  are  smaller  than  1 p since  the  cyclotron 
level  spacing  in  our  experiments  ranged  from  s,  ]0  ^ eV  at  room 
temperature  to  '’.^4x10  ^ eV  at  4.2‘’K  (because  of  the  different  values 
of  guide  field  utilized  at  the  different  temperatures),  while  the 
patch  effect  potential  fluctuations  should  be  smaller  than 
’■'Sxio  ^ cV.  If  cyclotron  transitions  are  in  faet  excited,  the  TOF 
spectrum  can  be  affected  since  some  of  the  z encrg>'  can  be  coupled 
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into  the  cyclotron  motion;  however,  such  effects  should  be  the  same 

whether  or  net  an  applied  linear  potential  gradient  is  present. 

The  radius  of  the  cyclotron  orbit  also  changes;  however,  it  remains 

-5  /— 

quite  small  in  all  cases  (it  is  given  by  r = (5^10  cm)  v n where 
n is  the  cyclotron  quantum  number)  so  that  an  orbit  change  should 
not  be  important  per  se. 

The  situation  in  which  there  is  some  periodicity  in  the  patch 
distribution  is  of  course  more  favorable  for  TOT  experiments.  We 
can  view  the  periodic  patch  distribution  as  a superposition  of  single 
potential  hills  of  the  type  previously  discussed.  The  presence  of 
additional  potential  hills  equal  in  extent  and  maximum  potential  to 
the  original  will  result  in  a greater  flux  of  slow  electrons  since 
the  amount  of  time  the  low  energy  electrons  spend  in  regions  where 
they  have  very  little  KE  increases  linearly  with  the  nujnbcr  of  such 
hills.  As  the  period  of  the  patch  distribution  gets  smaller  and 
smaller  in  relation  to  the  tube  length,  w approach  more  and  more 
closely  the  ideal  case  of  a constant  potential  along  the  length  of 
the  tube.  The  periodic  situation  makes  it  much  easier  to  obtain 
cutoff  effects  (or  more  precisely,  slow  electron  flux  changes)  with 
small  applied  I’.near  potential  gradients.  Consider  the  case  of  two 
equal  potential  hills.  If  a small  applied  gradient  rasies  even 
slightly  the  potential  of  the  hill  which  is  nearer  to  the  top  of 
the  tube,  there  will  be  a consequent  reduction  in  the  slow  electron 
flux  since  low  energy  electrons  will  then  move  slowly  in  only  one 
region  of  the  tube  rather  than  two. 

In  any  case,  the  fundamental  point  is  that  even  if  gravitation- 
ally-induced  electric  fields  and  large  patch  effect  potential 
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fluctuations  are  present  in  the  drift  tube,  we  should  still  be  able 
to  estimate  the  magnitude  of  the  net  potential  variations  by  comparing 
TOP  runs  taken  with  an  applied  linear  gradient  to  runs  taken  under 
the  same  conditions  with  no  applied  force  and  looking  for  changes 
in  the  slow  electron  flux.  The  success  achieved  with  this  approach 
would  seem  to  establish  its  validity. 

3.3  Electron  Time-of-Flight  Apparatus,  4.2°K  Version 

The  objective  of  this  section  is  to  present  a reasonably  complete 

description  of  the  major  subsystems  of  the  electron  TOP  apparatus  with 

particular  emphasis  on  areas  in  which  substantial  changes  have  been 

made  since  the  original  electron  free  fall  work.  Those  details  of 

3 7 

the  TOP  apparatus  which  have  been  described  by  Wittebom  ’ and  which 
remain  the  same  for  the  present  work  will  be  mentioned  very  briefly  if 
at  all. 

In  Sec.  3.1  we  gave  an  overview  of  the  electron  TOP  technique. 

The  following  discussion  will  present  the  basic  apparatus  as  used  in 
experiments  at  4.2°K.  Later,  in  Secs.  3.4  and  3.5,  we  will  discuss 
the  modifications  which  we  made  to  enable  us  to  work  at  room  tempera- 
ture and  LN2  temperature  and  to  conduct  the  heated  drift  tube 
experiments . 

Figure  3.1  is  a view  of  the  upper  portion  of  the  apparatus  and 
the  associated  electronics.  The  LHe  dewar  extends  to  the  floor  of 
the  room  below.  The  ion  pump  which  maintains  the  very  high  vacuum 
needed  for  the  experiment  is  visible  at  the  top  of  the  apparatus. 

The  photograph  also  shows  an  assembly  of  magnetic  shields  surrounding 
the  dewar  and  extending  a few  feet  above  floor  level. 


5.3.1  Cryogenic  and  Vacuum  Systems 


'I'he  basic  structure  of  the  cryogenic  and  vacuum  systems  is 
illustrated  in  Fig.  3.2,  which  shows  a cross-section  of  the  essential 
nicchanical  structure  of  the  apparatus. 

The  helium  dewar  is  a custom-manufactured  nitrogen- jlii elded 
aluminum  and  fiberglass  unit  made  by  Linde,  it  has  a demoujitable  lower 
section  which  was  added  to  accommodate  the  proposed  slow  position 
source.  The  helium  vessel  has  an  inside  diameter  of  8"  and  a total 
inside  length  of  17'.  With  the  apparatus  insertc^d  approximately 
oOJ  of  LHe  is  required  to  fill  to  tiie  necktube  of  tiiC  dowar  once  the 
apparatus  has  cooled  to  4.2°K.  The  boileff  rate  under  running 
conditions  is  just  under  1 liquid  liter/hour. 

The  vacuum  housing  for  the  apparatus  is  made  of  OI-HC  copper 
bwiow  the  top  of  the  main  guide  solenoid  and  tain  wall  rt.iinless 
steel  above  {390  sei'ies  to  minimize  magnetic  field  distortion  near 
the  detector).  The  top  of  the  stainless  steel  tube  connects  to  a 
stainless  steel  flanged  cross.  At  the  top  of  this  cross  is  located 
a Varian  SO  1/sec  ion  pump  which  is  on  continuously  (except  during 
lata  taking).  One  side  arm  of  the  cross  leads  to  the  rotary  motion 
^'=-edthrough  with  which  the  position  of  the  upper  drift  tube  is  adjusted. 
The  other  side  arm  goes  to  an  all  metal  bakeable  v^alve  which  seals 

■ if  the  high  vacuum  system.  At  the  bottom  of  the  apparatus  a 
demountable  flange  is  included  to  permit  replacement  of  the  thin-film 

■ athode. 

0"he  only  construction  materials  used  on  the  high  vacuum  side  of 
the  bakeable  valve  are  OFHC  copper,  300  series  stainless  steel,  indium. 





I 
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Fig.  3.2.  A cross-scction  of  the  mechanical  structure  of 
the  apparatus  and  the  vacuum  system. 


glass,  and  ceramic.  Careful  attention  to  cleanliness  allows  the 

-9 

attainment  of  a 10  Torr  room  temperature  pressure. 

iiie  jiumping  system  on  the  far  side  of  tiie  iMuoablc  valve  consists 
of  a liquid  nitrogen  cold  trap,  a 750  1/sec  oil  diffusion  pump,  and 
a mol  eciilar-si  eve- trapped  375  1/min  mechanical  forep  n:.:  . Tlie  diffu- 
sion pump  is  charged  with  low  vapor  pressure  ilow  Coiniiig  dC704  fluid. 
It  is  nec.ossar>  to  use  this  pumping  system  oni\  durinr  t ‘e  initial 
1-2  hours  of  a pumpdown  from  atmospheric  pre.- ..■..re  ll.e  ion  puir4p  is 
started  as  soon  as  the  pressure  reaches  appr.  .^ te!\'  Torr 

and  the  bakeabie  valve  is  sealed.  Car'.'  is  ta.ke;)  to  e.isurc  tliai  ihe 
diffusion  pump  is  never  turned  on  until  ‘.lie  co^  ir,.p  has  cooled  to 
liquid  nitrogen  temperature  The  cold  trap  is  also  thoroughly 
cleaned  after  each  use  to  further  guard  against,  nugration  of  the 
diffusion  pump  oil.  The  molecular  sieve  trap  is  bal.oO  .out  prior  to 
each  use. 

* 1 1 

The  actual  operating  vacuum  at  .1.2"k  is  about  10  Torr.  The 

ion  pui:n  is  turned  off  during  runs;  however,  we  set-  only  a very 
slight  incr.  a.S'  in  residual  gas  pressure  when  tJu  pump  has  been  off 
fo'-  24  hours  or  so. 

.3.3.2  Cathode 

Our  electron  source  is  a thin-film  tunnel  cathode,  consisting 
of  a glass  substrate  on  which  is  deposited  a t ')0-2000  A film  of  .41 
followed  by  a 75  A layer  of  Al.,0^  and  a TO-h.'O/'  layer  of  .4u.  A 
schematic  diagram  of  the  structure  is  shown  i:i  ,i:  C3.  The  opera- 

tion and  properties  of  this  ti^ie  of  device  have  h.-.'n  discus.sed 

40-42  45 

elsewhere.  (In  particular,  Onn  ivive  c;  ref ally  studied 
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Fig.  3.3,  k schematic  diagram  of  a tunnel  cathode.  The  upper  dia- 
gram is  a greatly  magnified  cross  section  of  the  tunnel  cathode 
structure.  The  lower  portion  of  the  figure  shows  the  potential  en- 
ergy at  positions  corresponding  to  the  upper  diagram  when  the  emis- 
sion pulse  is  on. 
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the  properties  of  tunnel  cathodes  at  4.2“K.)  hmis.':ion  is  obtained 
when  the  potential  of  the  Au  film  relative  to  the  A1  is  raised  to  a 
level  larger  thai'.  the  work  function  of  Au.  r.lectrons  fro.m  the  A1 


enter  the  conduction  band  of  the  Al20,^,  either  by  direct  tunneling 
or  by  thcnnal  excitation  (or  by  other  possible  mechanisms  as 
described  by  Onn  ^ ^1.).  Since  the  mean  free  jiath  for  these  elec- 
trons in  the  »tu  film  is  of  about  the  same  magnitude  as  tne  film 
thickness,  a usable  number  of  electrons  are  able  to  escape  r'rom  the 
Au  surface  into  the  vacuum  above.  In  our  apparatus,  a positively- 
biased  electrode  is  located  just  above  the  cath  'do  to  reauce  tlie 
space  c.harge  in  that  area. 

The  actual  devices  wliich  we  use  were  fabricated  to  our  specifica- 
tions by  Forrest  Futtere  of  the  Stanford  solid  state  shop.  We 
typically  obtain  an  emission  current  of  SO-iOO  nA  'with  a drive 
current  oi  about  4 mA.  The  cathode  is  of  f'O'U'se  operated  in  the 
pulsed  mode  with  drive  pulses  0.1-l.G  ms  wide  delivered  by  a 
constant  voltage  driving  circuit  (a  constant  voltage  circuit  must 
be  used  to  avoid  the  daitaging  effects  of  large  voltage  transients)  . 

Figure  3.4  shows  the  differential  energ}'  distribution  for 
electrons  emitted  from  a typical  cathode.  This  distribution  was 
I obtained  by  biasing  the  drift  tube  with  respect  to  the  cathode  and 

I using  ti.me  of  flight  to  perform  the  energy  analysis.  This  energy 

I 

distribution  shows  a quite  small  width  (O.-iu  eV) . We  expect  a reason- 
ably sr;nll  width  since  we  use  a thin  layer  of  oxide  ( n- 70  A ) . The 
width  of  our  distribution  is  consistent  with  Fig,  9 of  Kanter  and 
Fcibelman*^  since  our  diode  voltage  is  only  'u3.0  V.  The  shape  of 
our  energy  distribution  is  also  basically  consistent  with  the 
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tunnel  cathode.  This  distribution  was  obtained  by  using  the  drift 
tube  as  a retarding  electrode;  the  retarding  potential  is  the  po- 
tential of  the  drift  tube  relative  to  the  cathode.  The  solid  curv 
is  a normalized  modified  Maxwellian  distribution  while  the  dashed 
curve  is  a normalized  Maxwellian  distribution. 


differential  energy  distribution  whidi  Kantei  and  Feinclman  present 
in  their  Fig.  11  (aithougii  tne  device  used  to  ob*ain  that  figure 
was  operated  at  7 V) . 

The  solid  line  in  Fig.  3.4  is  a normalized  modified  Maxwellian 
distribution 

.N'/.N  = v/K'  C3.23) 

with  ’<T  - 0.2  c'.’.  This  would  represent  the  distribution  expected 
from  a thermal  source  at  2500’K  having  a vo.i  futctior  harrier  if  all 
electrons  having  the  same  energy  were  affected  in  the  . esc-  way  by  a 
retardi.ng  voltage  cn  the  drift  tube,  independent  of  t ue  direction  in 
which  the  electrons  were  emitted  from  the  cathod'  Ti.e  dashed  line 
is  a normalized  Maxwellian  distribution 

r (3.24) 

max 

with  kT  = 0.4  eV.  This  would  be  tlie  distribution  of  only  the  z- 
component  of  kinetic  energy  of  electrons  emitted  from  a thermal 
source  at  4600'’?'.  It  appears  that  this  distribution  describes  the 
data  quite  well,  at  least  on  the  left-hand  side  of  lb':  peak.  To 
explain  the  right-hand  side  we  must  consider  the  Scliottky  effect; 
we  will  not  pursue  the  discussion  since  it  is  not  important  to  our 
work.  We  might  expect  some  tendency  fer  the  left-hand  portion  of 
the  distribution  to  follow  the  solid  curve  .in  jireterence  to  the 
dashed  one  because  of  the  magnetic  focusing  properties  of  the  guide 
field  in  the  apparatus  (our  energy  distribution  was  taken  with  small 


guide  fields  in  both  the  main  solenoid  and  the  cathode  magnet); 
however,  there  seems  to  be  only  a very  slight,  if  any,  tendency 
toward  this. 


We  will  need  two  results  in  our  later  analysis:  the  form  of 

the  total  energy  distribution  for  small  energy  ranges  and  the 

fraction  of  the  total  emission  current  made  up  of  magnetic  ground 

state  electrons  which  have  10  ^ eV  or  less  z-axis  kinetic  energy. 

We  will  assume  that  the  cathode  differential  energy  distribution  is 

well  represented  by  a Maxwellian  with  kT  = 0.4  eV.  Then  assuming 

the  z-axis  is  normal  to  the  surface  of  the  thermal  emitter,  the 

n 

number  of  electrons  emitted  per  second  from  1 m“  of  surface  with  a 

44 

z-component  of  velocity  between  v^  and 

2 - —V  ^/kT 

, 4m  nkT  -4)/kT 

dv  = = — e e V dv 

z , 3 z z 

h 


Nm  , 


(3.25) 


where  4>  is  the  work  function  of  the  metal  and  m is  the  electron  mass. 

If  the  drift  tube  is  at  a potential  relative  to  the  cathode  (V^  is 

normally  selected  to  maximize  the  slow  electron  fraction)  then  we 

want  the  number  of  electrons  within  a small  energy  range  AE  above  V^. 

2 2 

In  terms  of  velocity,  we  want  (m/2)v^  = and  AE  = (m/2) (v^ + Av^) 

( ^ )v  In  all  cases  of  interest,  v ^ Av  so  that  AE  = mv  Av  ; 

^2  z zz  zz 


(2mV^) 


1/2  • 


(3.26) 


We  then  find,  using  Eq.  (3.25),  the  number  of  electrons  with  energies 
between  and  + AE,  given  by 


‘V  +Av 
z z 


= -N 


2 + AE/v®^ 

e 2 z . (3.27) 

v/2V^ 


Using  the  fact  that  ^ 1 we  can  reduce  this  to 


AN  . N . 1) 


which  upon  using  the  approximation  e = 1 - x becomes 


„ MAE  -V" 

" ■ TT  ' 


Then  we  have 


-V,/kT 

d 


AE  = C(V,)AE 


The  fraction  that  have  energies  of  10  eV  or  less  is  (assuming  that 
Vj  is  kept  quite  close  to  zero); 


M . ;0~^  eV  . 2,5,10-’  . 

^ 0 . 4 eV 


The  fraction  of  these  in  the  magnetic  ground  state  is  (following 

4 

Witteborn's  calculation  ); 


r-WnB  / g„\' 

= exp  —5-  (l  - - 

L kT  -I 


(3.29) 
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where 


00  +1/2 


V y r-^V/  1 

= Lu  Z-/1  ^ 2 ^ ~/ 

n=0  s=-i  L kT  J 


(.3.30) 


and  u is  the  Bohr  magneton,  s is  tiie  spin  quantum  number,  g is  the 
spin  g-factor,  and  n is  the  cyclotron  state  index.  For  our  B of 
4000  gauss  we  have  y^B  = 4.6^10  ^ eV  kT  so  simplifies  to 


f - I s.  4.6  X 10’^  eV  „-4 

g”z^^kT'“'0.4eV 

rot 


(3.31) 


Thus  the  fraction  of  electrons  usable  for  our  experiment  is 


f (2.5  X 10"^)  (10"'^)  2.5  X 10“^^  . 


Were  there  no  enhancement  of  the  low  energy  electron  fraction  by 
rethermalization,  this  would  require  rather  largt'  .•.urrents  from  the 
tunnel  cathode  in  order  to  obtain  a usable  count  rate. 

3.3.3  Beam  Handling  System 

The  main  components  of  the  beam  handling  system  are  illustrated 

in  Fig.  3.5,  along  with  the  biasing  circuits  for  the  drift  tubes. 

Only  the  stationary  drift  tube  was  used  in  the  present  work. 

The  magnetic  guide  field  is  provided  by  a 10'  long  superconducting 

solenoid  manufactured  by  Linde,  it  is  operated  in  the  persistent 

mode  during  runs.  The  solenoid  is  capable  of  a 1.0  kilogauss  field; 

however,  typical  operating  values  are  30-40  gauss.  The  homogeneity 

4 

is  better  than  1 part  in  10  over  the  central  8 feet. 

The  high  cathode  field  (4000-5000  gauss)  needed  for  magnetic 
state  separation  is  provided  by  a quadrupole  configuration 


Sa«‘> 
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Fig.  3.5.  A schematic  diagram  of  the  electron  time-of-f light 
apparatus  and  the  electrode  biasing  circuitry.  Wires  labeled  s 
are  superconducting.  constant  current  power  supplies. 
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superconducting  magnet,  again  operating  in  the  persistent  mode. 

This  magnet  was  wound  with  Nb-Zr  wire  and  is  2"  long  with  a 1.25" 
bore.  The  quodrupole  configuration  is  necessary  in  order  to  get  the 
fringe  field  from  the  cathode  magnet  down  to  a very  small  value  at 
the  position  of  the  lower  (stationary)  drift  tube  so  that  the  mag- 
netic potential  seen  by  a ground  state  electron  in  the  central 

-12 

portion  of  the  drift  tube  does  not  vary  by  more  than  10  eV. 

A superconducting  persistent  mode  quadrupole  configuration 
detector  magnet  is  used  to  reduce  the  net  field  at  the  detector 
below  the  value  where  significant  magnetic  field  quenching  of  the 
detection  efficiency  occurs.  This  arrangement  was  found  to  be 
more  satisfactory  than  merely  terminating  the  guide  solenoid  below 
the  detector  entrance. 

Magnetic  field  values  are  monitored  by  a system  of  bismuth 
magnetoresistors  using  4-terminal  constant  cuv''er.t  readouts. 

Magnetic  fields  from  the  iaicli  are  reduC'’J  to  less  than  0.01  gauss 
over  the  flight  path  by  two  concentric  Conetic®  foil  shields 
located  just  outside  the  dewar. 

Typical  magnetic  mid  electric  field  profiles  for  the  electron 
flight  path  are  shown  in  Hg.  3.6.  Electrical  biasing  is  arranged 
so  that  the  stationary  drift  tube  is  higher  in  (negative)  potential 
than  any  other  electrode  near  the  flight  path.  This  ensures  that 
the  electrons  of  interest  travel  slowiv  only  inside  the  drift  tube 
so  that  only  the  shielded  portions  of  the  flight  path  contribute 
significantly  to  the  time  of  flight.  The  drift  tube  shields  its 
interior  from  the  large  potentials  present  near  the  cathode  and 
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Fig.  3.6.  The  electric  and  magnetic  field  profiles  along  the  elec- 
tron flight  path,  which  is  illustrated  in  the  bottom  diagram.  The 
top  diagram  shows  the  electric  field  profile  typically  used;  it 
also  shows  the  kine^jjC  energy  of  an  electron  having  a total  energy 
of  about  11.5  X 10  eV.  The  middle  diagram  shows  on  a logarithmic 
scale  the  magnetic  field  profile  typically  used. 
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detector  to  the  extent  tliat  over  at  least  a 5()-cin  length  in  the 

middle  of  the  tube  the  electrostatic  potential  is  flat  to  within  a 
12 

few  parts  in  10 

A diagram  of  the  electron  injector  system  is  shown  in  Fig.  3.7. 

The  potential  of  the  Au  film  of  the  tunnel  cathode  can  be  adjusted 
relative  to  ground  by  the  cathode  pulse  and  bias  circuit;  pulsing  is 
accomplislied  b>’  lowering  the  potential  of  the  A1  film  relative  to  the 
Au.  The  extractor  serves  to  reduce  the  space  charge  retarding  fields 
near  the  cathode  and  thus  aids  in  obtaining  good  emission.  The  cathode 
shield  and  flare  electrode  shields  the  drift  tube  from  the  extractor 
potential  aid  also  serves  to  smooth  the  transition  from  the  small 
diameter  cathode  region  to  the  larger  d.iameter  of  tne  drift  tube. 

The  biasing  circuits  for  the  drift  tube  and  the  tlaio  will  be 
discussed  in  the  next  section. 

3.5.4  Electrode  Biasing,  Circuits 

We  will  discuss  onlv  the  bias  circuits  for  the  stationary 
drift  tube  and  tlie  flare;  the  movable  drift  tube  was  biased  to 
ground  potential  diir.'ng  the  experiments  described  in  this  thesis  and 
was  thus  effectively  not  ii.  the  flight  path. 

The  flare  and  drift  tube  bias  circuit;,  arc  similar  to  ’hose 
designed  by  F,  C.  Witteborn  for  the  electron  free  f.ill  experiment. 

We  have  made  a few  changes  in  order  to  optimise  the  circuits  for 
the  e.xperiments  described  in  this  the.'-'is. 

Tn  order  to  avoid  the  deleterious  effects  of  \aryirg  resistance 
in  the  bias  supply  leads,  it  was  decided  that  all  biasing  would  be 
done  by  using  constant  current  sources  to  drive  passive  bias  circuitry 
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constant  current  power  supply. 
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iocated  at  a single  level  in  the  Llie  bath.  The  currents  used  should 
be  less  than  1 A or  so  to  avoid  undesirably  large  magnetic  fields 
from  the  wires.  It  is  desirable  to  have  the  capability  of  varying 
the  electrode  potentials  by  0. 1 V or  so;  this  requirement,  along  with 
the  need  to  keep  .Joule  heating  to  a minimum  in  order  to  conserve  Ule, 
sets  a minimum  on  the  resistance  between  each  electrode  and  ground 
of  about  0.5  ft. 

The  problem  with  using  just  a single  resistor  to  obtain  the  bias 

voltage  is  that  the  resulting  Johnson  noise  is  too  large.  TOP  experi- 
-11  -12 

ments  in  the  10  -10  eV/m  net  force  region  will  be  adversely 

affected  by  sinusoidal  noise  voltage  components  having  frequencies 
between  50  Hz  and  10^  Hz  (at  the  lower  limit  the  tube  potential  does 
not  change  significantly  during  the  passage  of  an  electron  while  at 
the  upper  limit  the  time  which  the  tube  spends  at  the  peaks  of  the 
sinusoid  is  small  enough  that  the  flight  trme  of  the  electrons  of 
interest  is  not  changed  greatly).  Pints  the  Johnson  noise  per  ohm 
of  resistance  is 


< AV^  > 
R 


4 kTAf  = (5.52x10'^'^)  (4.2)  (10^) 


(3.32) 


— £2^5.  = 1.5  X 10'®  V . (3.33) 

Vr 

- 1 2 - 8 

Since  we  require  AV  < 10  V,  we  could  only  use  a 10  Q or  so 
^ rms  ' 

resistor.  The  solution  is  to  use  some  capacitance  in  parallel  with 

the  resistance. 

45 

Robinson  gives  the  Johnson  noise  across  a complex  impedance 

' as 





li 
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< AV^  > = 


= r 2 . 

f , 


(f)  df 


(3.34) 


where  w(f)  = 4 kT  Re(Z').  If  1/2  = 1/K  + juC  then 


Re  (2)  =■■ 


2 2 2 ■ 
1-no  R C 


<Av^> = r 


4kTR  nr-  1 2 

-Src  f'-"" 


(3.35) 


Expanding  tan  '^RQo  and  keeping  the  first  two  terms  yields  (for 


ujRC  > 1) 


2ttRC^  L‘^1  “2.1  rrPC  !o, 


(3.36) 


This  interesting  result  says  that  by  having  some  capacitance  in 
parallel,  we  can  use  as  large  a value  of  R as  we  like.  However,  this 
assumes  that  there  is  no  resistance  in  the  leads  of  the  capacitor. 

A more  reasonable  model  is  one  in  wliich  each  lead  of  the  capacitor 
has  3 resistance  R^/2.  For  such  a circuit  we  have 


2 ■■  ^ R ) 

\ c / 


which  gives 


(av2>  = ^ f 


Wn 


0), 


1 - 


2 2 2 

w C (R  +RR  ) 
c 


2 2 2 
w C (R+R^)  + 1 


do)  , 


(3.37) 


yielding,  under  the  same  approximation  used  to  obtain  (3.36)  and  for 
(ji)RC  > 1 the  result 


<AV^>  = 


2tt 


0) 


coR 


R 1 ‘^2 

••R  ) ^0)  J w, 

c 1 


(R.R^) 


C^(R+R 


(3.38) 


If  we  assume  R^/R  ^ 1 this  becomes  approximately 


4kTR 


<AV“>  2s 


2it 


0)2  . 


4kT 


2ttRC^0), 


(3.39) 


so  that  by  considering  lead  resistance  we  have  essentially  added  to 


(3.36)  an  amount  of  noise  4kTR^oi2/2Tr;  we  saw  in  (3.33)  that  this 


,-8 


would  require  R^  in  order  to  keep  the  noise  below  the 


necessary  maximum.  There  is  one  way  to  obtain  an  even  smaller  R 


make  the  capacitor  superconducting.  Tni?  is  the  basic  idea  behind 


the  bais  circuits  of  Fig.  3.5  in  which  all  the  wires  labeled  "S" 

,5 


(including  the  capacitors)  are  superconducting.  The  10  value  of 
R and  400  yF  capacitor  in  the  bias  circuit  for  the  lower  drift  tube 
give  from  (3.36)  a noise  of 


AV 


rms 


(5.52  X io~^^)  (4.2)''^^^ 


L 10^(4  X 10“^)^  (50)  J 


1.7  X 10’^^  V. 


This  is  not  quite  as  small  as  we  would  like  but  is  tolerable. 
Practical  considerations  limit  the  size  of  R and  C. 


1 
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The  effectiveness  of  the  superconducting  capacitor  in  reducing 
the  noise  in  the  drift  tube  bias  circuit  is  also  limited  by  the 
inductance  of  the  capacitor  leads.  The  lead  inductance  can  be 

7 ^4 

shown  to  be  particularly  important  at  noise  frequencies  above  10 
Hz.  Since  our  effective  bandwidth  for  sensitivity  to  bias  circuit 
noise  extends  to  10^  Hz,  the  rms  noise  voltage  observed  on  the  drift 
tube  will  be  somewhat  larger  than  indicated  above.  However,  the  rms 
noise  voltage  obtained  by  adding  the  effects  of  lead  inductance  to 
Eq.  (3.37J  is  still  small  enough  to  have  a negligible  effect  on  the 
experiments  discussed  here.  Our  conclusion  about  the  great  advantage 
which  can  be  gained  by  making  use  of  a large  superconducting  capacitor 
remains  valid. 

The  10^  Q resistor  is  present  to  attenuate  by  a factor  of  10 
any  voltage  noise  present  on  the  bias  supply  leads.  The  100  fi  resistor 
for.ns  a current  divider  which  is  used  to  reduce  t)ie  voltage  required 
from  the  current  source. 

A similar  circuit  is  used  to  bias  the  flare  (see  Fig.  3.7).  In 
the  case  of  the  fir  re,  the  considerably  less  stringent  requirements 
on  the  amount  of  noise  which  can  be  tolerated  allow  the  use  of  a 
rnudi  smaller  superconducting  capacitor. 

The  specially-constructed  low-noise  constant  current  sources 
used  to  power  the  bias  circuits  are  shown  in  Fig.  3.8.  These  units 
have  a stability  against  line  and  load  variations  of  approximately 
one  part  in  10^  and  a ripple  of  less  than  0.001%.  Extreme  precautions 
must  be  taken  to  minimize  both  differential  mode  and  common  mode 
noise  on  the  outputs  of  these  supplies.  There  are  three  separate 


current  sources;  cacl'i  is  totally  surrounded  by  -a  shielding  enclosure 
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ri;’.  3.8.  The  low-noise  totally-shielded  power  supplies  for  the 
low-tem]5eraturc  bias  circuits.  The  unit  on  the  right  contains 
three  separate  power  supplies;  the  unit  on  the  left  is  a distri- 
bution panel  which  allows  each  supply  to  power  any  one  of  sever- 
al different  bias  circuits. 


Fig.  .3.9.  The  LHe  bias  circuit  board  in  place  below  the  bottom 
feedthrough  flange  of  the  high  vacuum  enclosure.  Below  the  main 
circuit  board  is  a second  board  which  holds  several  supercon- 
ducting capacitor  assemblies. 
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whose  only  openings  are  those  necessary  for  power  and  control  leads. 

The  output  lead.-,  are  balanced  and  have  a non-current-carrying  shield. 

Shielded  connectors  are  used  througnout.  The  power  transformers  in 

each  supply  have  a triple  electrostatic  shield  between  the  primary 

and  secondary  windings  which  reduces  the  cou'ling  capacitance  between 

-14 

windings  to  less  thai.  10  F.  The  110-V  leads  to  the  primary  windings 
are  also  total  shielded;  tliis  power  line  shielding  is  conipletely 
independent  of  the  output  circuit  shielding.  Ihe  110-V  power  for  the 
three  supplies  is  obtained  from  yet  another  triple  shielded  isolation 
transformer  in  order  to  further  reduce  coini-non  mode  noise  originating 
in  the  power  line. 

Figure  5.8  a,so  shows  the  shielded  0 istrihuti  ;n  panel  which 
allows  any  one  of  the  three  current  sources  to  be  bussed  to  any  one 
of  several  different  bias  circuits.  The  di'fere.nt  current  sources 
vary  in  maximum  output  level  and  optimum  .'.onfr'''  range;  it  is  thus 
convenient  to  be  able  to  utilize  differ'.'Ot  supplies  to  power  a given 
bias  circuit  as  the  experimental  requirements  change. 

A totaily-si.ielded  remote  control  box  is  used  to  adjust  and 
monitor  the  output  of  the  current  sources. 

Figure  3.9  shows  the  circuit  board  on  which  the  bias  circuit 
components  are  mounted  and  a second  board  on  which  some  of  the  super- 
conducting capacitor  assemblies  are  mounted.  The  400  pF  supercon- 
ducting capacitor  is  mounted  on  the  outside  of  the  guide  solenoid 
as  shown  in  Fig.  3.2.  We  discussed  earlier  in  this  section  the  need 
for  superconducting  capacitors  in  order  to  keep  Johnson  noise  to 
suitably  low  levels;  we  also  use  superconducting  leads  in  other 
portions  of  the  bias  circuit  for  the  same  reason.  In  order  to  make 
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demountable  connections  from  the  circuit  board  to  the  electrodes 
inside  the  vacuum  enclosure  we  employ  superconducting  mechanical 
clamps;  these  clamps  can  be  seen  in  Fig.  3.9  and  also  in  Fig.  3.10. 

In  Fig.  3.10  the  clamps  are  shown  attached  to  the  superconducting 
feedthroughs  with  which  leads  to  the  internal  electrodes  are  brought 
out  of  the  vacuum  enclosure. 

The  axial  drift  tube  current  with  which  we  apply  force  to 
electrons  moving  through  the  tube  is  furnished  by  the  current  source 
labeled  in  Fig.  3.5.  This  current  source  is  extremely  well 
filtered  and  regulated  (one  part  in  10^  stability  against  line  and 
load  variations  and  less  than  0.001%  ripple)  and  also  has  very  high 
resolution.  There  is  an  additional  lead  to  each  end  of  the  drift 
tube  (not  shown  in  Fig.  3.5)  to  permit  the  voltage  developed  along 
the  drift  tube  to  be  monitored. 

The  vacuum  enclosure  serves  as  the  instr’omentation  ground  for 
the  bias  circuits.  The  actual  ground  connection  is  made  at  a single 
point  on  the  massive  feedthrough  flange  at  the  bottom  of  the  vacuum 
enclosure. 

3.3.5  Detector  and  Counting  Electronics 

A schematic  of  our  detection  and  counting  system  is  shown  in 
Fig.  3.11.  The  detector  is  a windowless  14-stage  photomultiplier. 

The  first  two  dynodes  are  controlled  by  a separate  high  voltage  supply 
which  can  be  disabled  by  a pulse  from  the  timing  circuit.  This  allows 
a large  multiplier  gain  reduction  during  the  arrival  of  the  large 
burst  of  electrons  which  follows  each  cathode  pulse.  This  procedure 
is  necessary  to  avoid  overload  of  the  amplifier  and  excessive  heating 
of  the  dynodes. 
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Fig.  .>.10.  .\  view  of  the  bottom  fceJtli rough  flange 

showing  several  superconduet i ng  elamps  attached  to 
the  superconducting  feedthroughs. 
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The  preamplifier  is  a Tennelec  TC164  FET  charge-sensitive  unit, 
while  the  shaping  amplifier  is  a Canberra  1410.  An  Ortec  integral 
discriminator  removes  most,  of  the  noise  generated  in  the  detection 
system.  Further  noise  reduction  is  provided  by  a special  unit  which, 
when  activated  by  the  timing  circuitry,  allows  only  one  further 
count  to  be  accepted.  The  circuit  is  activated  only  during  the  TOF 
interval  for  which  the  probability  of  obtaining  more  than  one  real 
count  is  extremely  small;  it  is  reset  for  each  new  cathode  pulse. 

The  action  of  this  circuit  can  be  monitored  with  the  100  MHz  dual 
channel  scaler. 

The  TOF  spectra  are  accumulated  in  4 groups  of  100  channels  each 
in  the  400  channel  scaler.  The  memory  group  used  is  correlated  with 
the  value  of  axial  drift  tube  current  in  use  by  the  control  electronics. 
The  end  of  TOF  sweep  signal  from  the  400  channel  scaler  is  fed  back 
to  the  scaler  to  start  a new  sweep  and  is  also  sent  to  the  timing 
circuit  to  initiate  a new  cathode  pulse  and  subsequent  operations. 

Data  is  both  printed  and  punched  in  ASCII  on  paper  tape. 

3.3.6  Timing  and  Control  Electronics 

The  timing  electronics  are  shown  in  Fig.  3.12(a).  The  end-of- 
sweep  signal  from  the  400  channel  scaler  triggers  a ramp  generator. 

The  cathode  pulse  trigger,  D1-D2  detector  bias  enable  signal,  and 
noise  reduction  enable  signal  are  obtained  from  comparators  which  are 
set  to  trigger  when  the  ramp  reaches  the  appropriate  voltage. 

The  control  electronics  are  shown  in  Fig.  3.12(b).  A crystal- 
controlled  timer  starts  a sub-run  by  first  disabling  the  ion  pump. 

At  the  same  time  a pulse  is  sent  to  a modulo-4  counter  and  decoder 
which  determines  both  the  value  of  applied  axial  current  to  be  used 
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Fig.  3.12.  The  control  electronics  for  the  TOF  experiments. 
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and  the  quadrant  of  the  scaler  memory  in  which  the  TOP  spectrum  will 
be  stored.  After  an  appropriate  settling  time,  the  multi-channel 
scaler  sweep  is  enabled.  TOP  sweeps  continue  until  the  timer  disables 
the  MCS;  at  that  time,  the  ion  pump  is  turned  on.  At  the  end  of  the 
pumping  period,  the  ion  pump  is  disabled,  the  modulo-4  counter 
advances,  and  another  sub-run  is  ready  to  begin.  A cycle  counter 
keeps  track  of  the  number  of  sun-runs  which  have  been  made.  When 
sufficient  data  has  been  accumulated,  the  cycle  is  manually 
terminated. 

3.4  Modifications  for  Room-Temperature  and  LN^-Temperature  Operation 

The  components  inside  the  high  vacuum  system  were  not  changed 
for  the  room- temperature  and  LN^-temperature  experiments.  The  prin- 
cipal changes  wore  made  in  the  magnet  system  and  in  the  electrode 
biasing  network. 

A two-layer  copper  wire  magnet  was  wound  onto  the  full  length 
of  the  vacuum  jacket  of  the  apparatus  to  serve  as  the  guide  solenoid. 
This  magnet  produces  15  gauss/A  and  is  typically  run  at  5-10  gauss. 
IVhen  the  main  guide  field  is  kept  small  it  is  not  necessary  to  use 
a detector  counter-magnet. 

The  room  temperature  cathode  magnet  is  again  a 2-layer  copper 
wire  magnet.  Because  of  space  limitations,  it  had  to  be  wound  over 
the  lower  portion  of  the  superconducting  solenoid.  This  magnet 
produces  14.2  gauss/A;  at  room  temperature  it  was  typically  run  at 
70  gauss.  Even  at  that  modest  field  level  a compressed  air  cooling 
system  had  to  be  installed  to  prevent  excessive  heating  of  the  magnet. 
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Cooling  was  of  course  no  problem  in  LN^  operation;  during  that  work 

cathode  fields  of  100-200  gauss  were  used. 

There  were  two  problems  involved  in  getting  good  electrode  bias 

circuits  at  300°K.  First,  the  superconducting  capacitors  could  no 

longer  be  used,  and  second,  kT  was  up  by  a factor  of  75.  On  the 

“ 8 

other  hand,  the  design  sensitivity  at  room  temperature  was  10  eV/m 
-12 

rather  than  10  eV/m.  This  meant  that  AV  could  be  as  large  as 

rms  * 

-8  4 

10  V;  also,  the  upper  limit  of  the  noise  bandwidth  became  10  Hz 

rather  than  10^  Hz.  Using  these  values  in  Eq.  (3.32)  we  obtain 
AVrj^s  [(5.52  X 10"^^)  (300)  (10"')R]^'^^ 

= 1.3  X 10“®VR  • 

Thus  we  can  use  an  R of  0. 1 (2  or  so.  Since  there  is  no  need  to 
conserve  LHe,  the  resultant  0.1-0. 2 W of  heating  is  no  problem.  This 
is  essentially  the  method  that  was  used  although  it  proved  useful  to 
incorporate  some  room  temperature  capacitance.  As  in  the  case  of 
the  LHe  bias  circuit,  a 10-1  voltage  divider  was  included  in  the 
circuit  to  attenuate  noise  on  the  bias  supply  leads.  Again,  well- 
shielded  constant  current  sources  with  very  good  stability  and  low 
ripple  were  used  to  power  the  bias  circuits. 

5 . 5 Apparatus  Modifications  for  Heated  Drift  Tube  Experiments 

In  order  to  perform  the  heated  drift  tube  experiments  it  was 
necessary  to  thermally  isolate  the  drift  tube  and  to  install  a heating 
and  temperature  monitor  system.  In  particular,  care  had  to  be  taken 


to  avoid  large  thermal  gradients  along  the  tube;  otherwise  an 
excessively  high  thermoelectric  voltage  would  exists  along  the  tube. 

In  the  LUe  version  of  the  apparatus  the  (stationary)  drift 
tube  was  thermally  isolated  except  for  one  high-thermal-conductivity 
link  from  the  lower  end  of  the  drift  tube  to  the  LUe  bath.  We 
removed  this  link  in  setting  up  for  the  heated  drift  tube  work  in 
order  to  obtain  the  desired  degree  of  thermal  isolation. 

The  small  thermal  conductivity  which  remains  between  the  tube 
and  the  bath  is  due  to  the  relatively  low- thermal -conductivity  links 
which  are  illustrated  in  Fig.  3.1.3;  this  figure  also  shows  the 
location  of  the  heater  and  monitor  resistors. 

As  it  turns  out,  the  primary  source  of  thermal  conductance  away 
from  the  tube  is  the  set  of  four  drift  tube  bias  leads  plus  the 
leads  to  the  heater  and  monitor  resistors.  Tlie  thermal  conductance 
of  the  ceramiseal  insulator  and  the  ceramic  balls  is  much  smaller. 

A 100  metal  film  resistor  is  used  as  the  heating  element. 

This  resistor  has  very  robust  leads  which  permit  convenient  heat 
sinking  to  the  drift  tube.  Both  leads  are  cut  very  short;  one  is 
securely  fastened  to  the  lower  circumferential  clamp.  This  clamp 
also  serves  to  attach  the  lower  set  of  bias  leads  to  the  tube.  The 
other  resistor  lead  is  soldered  to  a #24  copper  wire  which  goes  to 
a feedthrough.  This  resistor  has  a very  small  variation  of 
resistance  with  temperature.  Thus,  by  driving  the  resistor  with  a 
constant  current  source  we  can  put  a known  amount  of  power  into  the 
heater.  The  heater-drift  tube  system  will  then  come  to  an 
equilibrium  temperature  which  can  be  controlled  by  varying  the 
power  input. 
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Fig.  3,13.  A cross  section  of  the  drift  tube  area  (not  to  scale) 
showing  the  thermal  insulation  of  the  tube,  the  principal  sources 
of  thermal  conductivity  between  the  tube  and  the  LHe  bath  which 
surrounds  the  apparatus,  and  the  location  of  the  heater  and  moni- 
tor resistors. 
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The  drift  tube  temperature  is  monitored  by  a nominal  650  fl 
carbon  resistor  from  which  the  ceramic  casing  has  been  removed. 

A precisely  regulated  10  ^ A current  is  run  tlirough  the  resistor 
and  the  resulting  voltage  is  monitored  to  determine  the  temperature 
of  the  tube.  The  resistor  has  a LHe  resistance  of  about  20  KJl,  so 
self-heating  by  the  readout  current  is  negligible  (I^R  = 10  ^^(2  x 10^) 
= 2 X 10'^  W) . 

This  resistance  value  is  converted  to  a temperature  through  the 
use  of  the  semi-empirical  equation  developed  by  Clement  and 
Quinnell  : 

We  also  use  their  method  for  determining  the  constants  A,  B,  and  K 
from  the  room  temperature  resistance: 

A + 3%  = 1.62  log^Q  R^gQ  + 0.27 

B ± 9%  = 1.60  logjp  R^gp  + 0.48 

K ± 6%  = 0.594(log^p  R^gp)^ 

+ 0.377  logjp  R2P0  - 0.121 

although  we  adjust  the  constants  a bit  to  get  the  correct  values  at 
our  calibration  points  of  77°K  and  4.2°K.  Table  3.1  shows  the 
resistance-temperature  correspondences  for  the  temperatures  at 
which  we  report  data.  It  was  experimentally  determined  by  a sequence 
of  checks  on  the  monitor  resistance  that  the  temperature  was  stable 
to  at  least  0.01“K  at  the  lower  temperatures  and  to  at  least  0.l“K 
at  the  three  higher  temperatures. 
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TABLE  3.1 


TEMPER.ATURE  CALIBRATION  FOR  OUR 


DRIFT  TUBE  TEMPERATURE  MONITOR 

RESISTOR 

iistance 

Temperature 

(K«) 

(°K) 

24.0 

4.20 

23.0 

4.27 

20.9 

4.44 

9.6 

6.35 

5.4 

8.95 

4.0 

11.0 

We  must  consider  the  possibility  that  the  circuit  used  to 
apply  power  to  the  drift  tube  heater  might  add  noise  to  the  drift 
tube  bias  circuit  in  amounts  i nough  to  affect  the  TOF 

measurements.  Since  such  an  etffc_^  would  presumably  depend  on  the 
heater  power  level,  it  might  be  mistaken  for  a temperature-dependent 
ambient  field  in  the  drift  tube. 

Heater  power  is  supplied  by  one  of  the  low-noise  totally- 
shielded  current  sources  described  in  Sec.  3.3.4.  Only  the  common- 
mode noise  from  the  supply  is  of  concern  here  since  the  only  effect 
of  differential -mode  noise  is  to  cause  minute  variations  in  heater 
power  level.  The  supply  uses  linear  dissipative  regulation  exclu- 
sively so  that  no  common-mode  noise  is  generated  within  the  supply. 
The  main  source  of  common-mode  noise  is  thus  60  Hz  leakage  currents 
and  power  line  transients  which  are  capacitively  coupled  through  the 


power  transformer.  Since  the  transformers  used  in  our  supplies 

have  a primary -secondary  coupling  capacitance  of  less  than  4x  lO'^^  F 

-4 

while  the  capacitance  from  the  drift  tube  to  ground  is  4 10  F, 

potentials  appearing  on  the  transformer  primary  are  attenuated  by  a 
factor  of  10^^  before  they  appear  on  the  drift  tube.  Thus,  for 
example,  the  60  Hz  ripple  voltage  on  the  drift  tube  will  be  less 

_9 

than  10  V rms;  noise  on  the  drift  tube  from  power  line  transients 

should  not  be  much  larger  (there  is  a second  isolation  transformer 

between  the  power  supply  transformer  and  the  power  line  which 

reduces  power  line  transients  by  another  factor  of  100  or  so) . 

The  presence  of  a noise  voltage  on  the  lower  end  of  the  drift 

tube  because  of  common-mode  noise  on  the  heater  circuit  produces 

both  a slight  change  in  the  drift  tube  bias  potential  and  a very 

small  voltage  along  the  length  of  the  tube  (since  the  bias  circuit 

connects  to  the  tube  at  its  upper  end).  The  latter  effect  is 

insignificant  since  only  about  10  V is  produced  along  the  tube, 

while  we  are  working  with  electrons  having  energies  of  10  eV  or 

more.  The  change  in  the  bias  potential  of  the  drift  tube  is  also 

unimportant  since  the  velocity  spectrum  of  electrons  entering  the 
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tube  does  not  change  when  the  drift  tube  potential  varies  by  10  V. 

We  thus  conclude  that  noise  introduced  by  the  heating  circuit 
will  not  perturb  TOF  measurements  which  study  the  ambient  fields  in 
the  tube  when  the  ambient  field  magnitudes  are  as  large  as  those 
which  we  found  in  the  heated  drift  tube  experiments. 


3.5.1  Determination  of  the  Thermoelectric  Potential  Gradient  along 
the  Drift  Tube 

In  order  to  determine  the  thermoelectric  potential  gradient  we 
must  first  determine  the  thermal  gradient  along  the  tube.  Since  the 
tube  is  heated  only  at  the  lower  end,  we  expect  a thermal  gradient 
to  be  set  up  along  the  tube  because  of  the  small  but  finite  thermal 
conductivity  from  the  top  of  the  tube  to  the  4.2°K  bath  and  because 
the  lower  part  of  the  tube  must  supply  the  power  radiated  by  the  top. 

In  order  to  calculate  the  thermal  gradient  expected  from  the 
first  mechanism  we  need  to  know  the  thermal  conductivity  from  the 
top  of  the  tube  to  the  LHe  bath.  We  will  find  this  by  first  calcu- 
lating the  approximate  total  thermal  conductivity  out  of  the  drift 
tube.  We  can  check  the  result  of  this  calculation  against  the  result 
obtained  from  an  analysis  of  experimentally-determined  thermal  decay 
curves  for  the  drift  tube  and  adjust  the  coefficients  in  the  calcula- 


tion as  necessary.  W'e  can  thus  obtain  a good  approximation  to  the 

actual  thermal  conductivity  out  the  top  cf  the  drift  tube. 

For  our  calculation  we  will  assume  that  the  thermal  conductivity 

away  from  the  tube  is  provided  by  3 15-cm  #24  copper  wires  (0.25  cm 

radius)  and  3 1-m  #24  copper  wires  (see  Fig.  3.13).  We  will  use  the 

47 

thermal  conductivity  coefficient  given  by  Stewart  ^ al . for 

electrolytic  tough  pitch  copper  (the  type  of  copper  normally  used 
in  wires)  at  b^K.  Thus 

K = AA/L 

= (4.8  W-c/-K)(5,)(.025 
= 2.2  X 10"^  W/°K  . 
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To  compare  this  value  with  the  experimental  result  we  start 
with  Fig.  3.14,  which  shows  the  decay  of  the  drift  tube  temperature 
with  time  for  four  different  initial  temperatures.  It  is  interesting 
to  note  that  in  each  case  there  is  a slight  increase  in  the  drift 
tube  temperature  just  after  the  heating  power  is  turned  off.  We 
assume  that  this  happens  because  the  ends  of  the  small  wires  near 
the  LHe  cool  slightly  before  the  heating  resistor,  thus  lowering  the 
thermal  conductivity  out  of  the  drift  tube  a bit;  the  resulting 
change  in  the  amount  of  heat  conducted  away  from  the  heater  causes 
a very  slight  temperature  rise. 

The  lines  shown  in  Fig.  3.14  are  exponential  fits  to  all  but 
the  first  point  of  each  set.  Obviously  each  of  these  decays  is  well 
represented  by  an  exponential  decay.  Since  the  heat  capacity  of  the 
tube  is  orders  of  magnitude  larger  than  the  total  heat  capacity  of 
the  wires,  we  can  model  the  initial  situation  as  a large  heat 
capacity  at  T^  connected  by  a large  thermal  resistance  (small 
conductance)  to  a heat  sink  at  4.2°K.  The  problem  is  then  the  same 
as  the  decay  of  the  initial  voltage  on  a capacitor  in  an  RC  circuit. 


(T  - 4.2°K)  = (T^  - 4.2°K)  e 


where  C^.j,  is  the  heat  capacity  of  the  drift  tube  and  = 1/K  is 

the  thermal  resistance  between  the  tube  and  the  LHe  bath.  Over  the 

temperature  range  0°K  to  lO^K  the  specific  heat  of  Cu  follows  the 
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equation 

Cp  = 10.8x10'^  T ^ 30.6  [3^]^  J/g-°K  . 
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t ( min) 

Fig.  3.14.  Experimentally-determined  thermal  decay  curves 
for  the  drift  tube.  The  curves  were  obtained  by  heating 
the  tube  until  the  desired  equilibrium  temperature  was 
reached,  switching  off  heater  power,  and  observing  the  tem- 
perature of  the  tube  as  a function  of  elapsed  time.  The 
circles  correspond  to  an  initial  temperature  of  4.3°K,  the 
dots  4.4°K,  the  downward  triangles  6,3°K,  and  the  upward 
triangles  9°K.  The  lines  are  least  squares  fits  to  the 
points  of  each  set  for  which  the  elapsed  time  is  greater 
than  zero. 
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Over  our  range  of  interest  of  4.2°K  to  9"K  this  equation  indicates 
that  the  specific  heat  will  be  between  about  1 x 10  ^ J/g-°K  and 
6 X 10  ^ J/g-°K;  we  will  take  4 x lo  ^ J/g-^K  as  an  average  value. 

The  drift  tube  has  a mass  of  4.1  kg;  thus 

= (4  X lO"'^)  (4.1  X 10^)  = 1.64  J/°K  . 

The  decay  curves  of  Fig.  3.14  are  all  consistent  with  a time  constant 
of  about  800  sec.  Thus 


800  sec  = 


R 


800  sec  ^ 4,9  X 10^  °K/W 


DT  1.64  J/°K 


which  corresponds  to  a K of  2.0x10  W/°K.  Note  that  this  result 

_3 

is  in  excellent  agreement  with  our  calculated  value  of  2.2x10  K7®K. 

Ke  can  now  calculate  the  thermal  resistance  from  the  top  of  the  tube 
to  the  LHe  bath  via  the  bias  leads: 


R = X = [(4.8  W-cm/°K)(3TT)(.025  cm)^(l/100  cm)]"^ 

"t  i N-j 

= 3.5  X 10^  “K/W  . 

Next  we  need  the  thermal  resistance  of  the  drift  tube  itself. 

Ihe  tube  is  91  cm  long,  with  an  average  radius  of  2.7  cm  and  a wall 

thickness  of  0.38  cm.  Thus,  using  the  thermal  conductivity 
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coefficient  given  by  Stewart  for  high  purity  annealed  copper  at 
6°K,  we  have 


RtDT  = [(96  W/cm‘‘K)2TT(2.7  cm)  (0.38  cm)/91  cm] 
=0.15  “K/W  . 


To  find  the  thermal  gradient  along  the  drift  tube  we  can  view  the 
situation  as  a thermal  resistance  of  value  in  series  with  a 

thermal  resistance  of  R^^;  the  series  combination  is  connected 
between  a heat  reservoir  at  T and  a heat  sink  at  4.2°K.  Then  the 
fraction  of  the  total  thermal  gradient  that  appears  across  R^  is 


f = 


tPT 


tPT 

\l 


0.15 

3.5  X 10' 


= 4.3  X 10 


Thus  when  the  bottom  of  the  tube  is  at  6.3°K  we  would  have  a thermal 

gradient  along  the  tube  of  about  9 x lo  ^ °K.  From  Fig.  1 of  the 
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paper  by  Gold  e£  aJ.  we  deduce  that  -2|jiV/'^K  represents  a reasonable 
estimate  of  the  thermoelectric  coefficient  of  the  copper  in  our  drift 
tube  over  the  range  4.2°K  to  11°K.  The  thermoelectfic  coefficient 
would  be  significantly  larger  only  if  the  drift  tube  copper  contained 
an  appreciable  impurity  concentration  of  Fe;  this  is  quite  unlikely 
since  the  drift  tube  was  electroformed  from  a high-purity  copper 
bath.  On  the  other  hand,  the  thermoelectric  coefficient  could  be  more 
than  an  order  of  magnitude  smaller  if  our  copper  happened  to  be 
similar  to  sample  1 discussed  by  Gold  e^  a^.  A value  of  -2viV/*’K 
seems  to  be  a conservative  estimate.  Using  this  value  we  obtain  an 
estimate  of  the  Thomson  thermoelectric  potential  difference  between 
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the  ends  of  the  tube  of 


(j)  - (p 

bottom  top 


(2.0  X 10"^) (4.3  X 10"^) 


8.6  X 10'^^  V/°K. 


Thus  even  at  our  highest  temperature  of  ll^K  the  thermoelectric 

potential  gradient  would  be  only  6x10  V,  quite  small  compared 

to  our  observed  ambient  potential  different  in  the  tube  of  about 
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5 X 10  V at  6.3°K  and  above. 

We  have  not  yet  considered  radiation  from  the  upper  portion  of 
the  tube.  For  a rough  upper  limit  to  the  thermoelectric  voltage 
developed  by  radiation  effects  we  will  assume  that  the  power 
radiated  by  the  upper  half  of  the  drift  tube  must  be  furnished 
through  the  full  thermal  resistance  of  the  tube.  We  will  look  at 
the  radiation  effect  at  the  highest  temperature  used,  11°K.  The 
radiated  power  from  the  upper  half  of  the  drift  tube  is 


AP  = ea(T  - 4.2°K)^  A 


where  a is  the  Stefan-Boltzmann  constant,  e is  the  emissivity  of 
the  copper  surfac~,  and  A is  the  effective  radiating  area.  Taking 
0.1  as  a conservative  emissivity  for  the  drift  tube  we  have 

AP  = (0.1)  (5.67  X 10"®  W/m^°K^)  (2tt)  (.027  m)(0.5  m)  (7®K)'^ 

= 1.15  X 10"^  W . 


If  this  power  is  to  be  drawn  through  the  full  thermal  resistance  of 
the  tube,  a temperature  gradient  of 


\ 

1 


r' 

AT  = (1.15  X lO"*^  W)(0.15  °K/W)  = 1.7  x 10'^  °K 
will  be  produced  and  thus  a thermoelectric  voltage  of 
Atf  = (2.0x10"^  V/°K)  (1.7  X 10~^  °K) 

= 3.4  X 10~^^  V 

will  result  from  the  radiation  effect;  this  is  negligible  compared 
to  the  thermoelectric  voltage  produced  by  the  thermal  conduction 
away  from  the  top  of  the  drift  tube. 

We  should  add  that  a limited  amount  of  thermal  conductivity 
between  the  drift  tube  and  the  LHe  bath  is  desirable  so  that  the 
drift  tube  can  be  allowed  to  cool  to  4.2°K  in  a reasonable  length 
of  time. 

3.6  Procedure 

We  will  first  discuss  the  basic  procedure  for  LHe  runs  and  then 
mention  the  differences  encountered  in  the  room  temperature,  LN^ 
temperature,  and  heated  drift  tube  work. 

3.6. 1 LHe  Runs 

After  all  possible  checks  have  been  made  at  room  temperature, 
a cooldown  is  started  by  sealing  the  LHe  space  of  the  dewar, 
evacuating  it,  and  refilling  with  dry  N2  gas.  It  is  then  possible 
to  begin  filling  the  LN^  jacket  of  the  dewar;  this  process  requires 
several  hours.  Jacket  boiloff  remains  quite  high  for  2 days  or  so. 
At  the  end  of  this  period  the  pre-cooling  can  be  accelerated  by 
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transferring  LK^  into  the  LHe  space,  hiien  the  apparatus  has  cooled 
to  77°K  most  of  the  excess  nitrogen  is  back-transferred;  the 
remainder  is  pumped  out  in  order  to  drop  the  temperature  in  the 
dewar  a few  more  degrees.  (Temperature  at  the  top  outer  portion 
is  monitored  with  an  iron-constantan  thermocouple  and  at  the  lower 
inner  area  by  carbon  resistors.)  When  the  LN^  is  gone  the  LHe  space 
is  filled  with  He  gas  and  the  LHe  transfer  is  started.  The  first 
LHe  fill  requires  8-12  hours.  LHe  level  is  checked  with  a set  of 
27  carbon  resistors. 

Next  the  electron  beam  system  is  turned  on  and  the  superconducting 
magnets  are  charged,  adjusted  for  optimum  slow  electron  count  rate 
and  magnetic  state  selection,  and  then  made  persistent.  At  this 
point  the  electrode  biases  are  set  and  the  discriminator  and  ampli- 
fiers are  adjusted.  The  timing  electronics  are  set  to  give  the 
desired  pulse  sequencing  and  the  control  electronics  are  arranged 
to  cycle  through  four  selected  values  of  drift  tube  current  (always 
including  zero).  We  are  then  ready  to  bv.gin  taking  runs.  The 
persistent  magnets  are  checked  periodically  for  field  decay.  The 
ion  pump  control  is  arranged  so  that  it  is  always  off  when  data 
is  being  taken. 

3.6.2  Room  Temperature  and  LN^  Temperature  Runs 

In  this  work  the  copper  wire  magnets  and  room  temperature  bias 
circuits  are  used.  In  the  room  temperature  experiments  the  compressed 
air  cooling  system  must  be  used  if  even  a very  modest  degree  of 
magnetic  state  selection  is  desired. 

Because  of  the  considerably  higher  residual  gas  pressure  in  the 
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apparatus  at  these  temperatures  (n<10  Torr)  we  can  run  only  on  a 
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30-50%  duty  cycle;  the  ion  pump  must  be  on  during  the  remainder 
of  the  time. 

-7 

Since  these  experiments  use  applied  forces  larger  than  10  eV 
in  general,  shorter  TOP  sweep  times  can  be  used.  This  speeds  up 
the  data  collection  rate  and  helps  compensate  for  the  limited  duty 
cycle. 

3.6.3  Heated  Drift  Tube  Experiments 

These  runs  were  quite  similar  to  the  LHe  runs  except  that  the 
drift  tube  temperature  had  to  be  established  and  monitored  before 
each  run.  Each  time  the  drift  tube  temperature  was  increased  we 
saw  a considerable  rise  in  the  residual  gas  pressure  (presumably  due 
to  desorption  of  gas  from  the  drift  tube  surface) . It  was  necessary 
to  wait  for  this  excess  pressure  to  subside  before  a run  could  be 
started;  however,  this  time  was  profitably  used  in  making  certain 
that  the  drift  tube  temperature  had  indeed  reached  equilibriiom. 

The  drift  tube  temperature  was  rechecked  periodically  during 
the  short  time  intervals  between  sub-runs.  It  was  not  desirable 
to  have  the  temperature  monitor  circuit  hooked  up  during  the  actual 
TOP  sweeps  because  of  the  possibility  of  introducing  noise  into  the 
drift  tube  circuit.  It  was  necessary,  of  course,  to  apply  heating 
power  continuously;  the  noise  from  this  source  was  shown  in  Sec.  3.5 
to  be  unimportant  for  the  present  work. 

The  drift  tube  temperature  was  always  observed  and  recorded  at 
the  end  of  each  run.  The  thermal  stability  proved  to  be  quite  good. 

It  is  undesirable  to  take  all  of  the  data  at  a given  drift  tube 
temperature  at  one  time  since  long-term  shifts  in  experimental  con- 
ditions might  be  mistaken  for  temperature-dependent  effects.  In 
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taking  our  data  we  normally  alternated  between  runs  with  the  drift 
tube  at  4.2°K  and  runs  with  the  drift  tube  at  a higher  temperature 
although  in  some  cases  we  alternated  between  two  values  of  drift 
tube  temperature  which  were  larger  than  4.2°K.  We  cycled  through 
the  complete  set  of  drift  tube  temperatures  several  times  in 
accumulating  the  data  presented  in  Chapter  4. 


CHAPTER  4 


DATA  AND  ANALYSIS 


As  we  pointed  out  in  Chapter  1,  a large  part  of  the  motivation 
for  the  series  of  experiments  described  herein  arose  from  the 
discrepancy  between  the  results  of  the  Witteborn-Fairbank  electron 
free-fall  experiment  on  one  hand  and  the  theoretical  predictions 
for  the  ambient  electric  field  inside  a copper  drift  tube  and  the 
results  of  the  room  temperature  strain-induced  electric  field 
experiments  on  the  other  hand.  We  discussed  in  Chapter  2 the  nature 
of  a surface  shielding  effect  which  could  resolve  the  discrepancy 
between  the  WF  experiment  and  the  theoretical  predictions;  we  also 
pointed  out  that  if  this  shielding  effect  is  operative  at  4.2°K 
but  not  at  300° K the  discrepancy  between  the  WF  experiment  and  the 
room  temperature  strain- induced  field  measurements  would  also  be 
resolved.  The  combination  of  all  the  results  — the  WF  result,  the 
DNIRT  theory,  and  the  room  temperature  measurements  — strongly 
suggests  that  a temperature-dependent  shielding  effect  is  present 
in  the  tube  and  that  consequently  the  magnitude  of  the  ambient 
electric  field  in  the  tube  changes  by  several  orders  of  magnitude 
between  4.2°K  and  300°K.  This  chapter  presents  the  data  obtained 
in  our  investigation  of  the  temperature  dependence  of  the  ambient 
electric  field  inside  a copper  drift  tube. 

Our  investigation  proceeded  as  follows:  first,  electron  time- 

of-flight  experiments  were  conducted  at  300°K  in  order  to  check  for 
the  presence  of  the  surface  shielding  effect;  next,  similar 
experiments  were  carried  out  at  LN2  temperature.  This  work  was 


followed  by  a return  to  Ule  operation  in  order  to  make  sure  that 
we  could  obtain  4.2°K  data  similar  to  that  obtained  by  IVF  in  1967.  The 
success  of  the  4.2°K  work  led  to  the  heated  drift  tube  experiments 
which  explored  the  range  4.2°K-11°K  and  found  the  transition  region 
for  the  appearance  of  large  ambient  electric  fields  in  the  tube 
(and  thus  presumably  the  disappearance  of  the  surface  shielding 
effect).  We  will  present  the  experimental  data  in  the  sequence 
in  which  it  was  obtained. 

Before  turning  to  the  data,  we  will  present  a brief  discussion 
of  the  nature  of  electrons  which  are  emitted  from  electrostatic  and 
magnetic  traps  along  the  beam  path  at  times  after  the  end  of  the 
cathode  pulse.  The  presence  of  trap-originating  electrons  in  the 
TOP  distribution  greatly  modifies  both  the  form  of  the  distribution 
and  the  effect  of  a linear  potential  gradient  in  the  drift  tube. 


4 . 1 Trapped  Electrons 

One  feature  which  seems  to  be  present  in  all  our  TOP  data 


the  existence  of  many  more  electrons  with  long  flight  times  than  we 
would  expect  on  the  basis  of  the  cathode  energy  spectrum.  We  presume 
that  this  enhancement  of  the  slow  electron  flux  is  brought  about  by 
two  mechanisms:  rethermalization  of  the  electron  beam  emitted  by 

the  cathode  and  delayed  emission  of  electrons  from  electrostatic 


and  magnetic  traps. 


As  we  discussed  in  Sec.  3.3.2,  electrons  emitted  from  the  cathode 


have  a modified  Maxwellian  distribution  of  velocities  characteristic 


of  a thermal  source  at  approximately  5000°K.  Once  the  electrons 
have  left  the  cathode,  they  will  tend  to  rethermalize  to  an  energy 


-97- 


distribution  characteristic  of  the  temperature  of  the  surrounding 
walls  (4.2“K)  if  they  are  acted  on  by  dissipative  forces.  (An 
application  of  Liouville's  theorem^^  shows  that  conservative  forces 
cannot  effect  such  a rethermalization. ) Sources  of  an  effective 
dissipative  force  include  three-body  electron  collisions  (actually 
multi-electron  collisions  in  general),  electron-residual  gas  molecule 
collisions,  eddy  currents  in  the  drift  tube  walls,  and  interaction 
with  the  background  blackbody  radiation.  The  next  to  the  last  source 
can  be  shown  to  be  of  negligible  importance  in  the  situation  of  the 
WF  experiment;  the  last  source  is  important  only  because  it  can 
stimulate  changes  of  cyclotron  state.  If  there  is  an  appreciable 
cross-section  for  three-body  electron  collisions  or  for  electron- 
gas  collisions,  we  would  expect  to  see  the  proportion  of  low  energy 
electrons  in  the  beam  increase  at  the  expense  of  higher  energy 
electrons.  The  particular  regions  of  the  energy  spectrum  which 
will  be  affected  most  will  of  course  depend  on  the  way  in  which  the 
relevant  cross-sections  vary  with  center-of-mass  energy. 

Multi-electron  and  electron-gas  molecule  collisions  are  also 
presumably  central  to  the  enhancement  of  slow  electron  flux  through 
the  process  of  delayed  emission  from  traps.  Electrostatic  traps 
having  depths  of  up  to  10  ^ eV  or  so  may  exist  in  the  drift  tube 
because  of  the  patch  effect  (at  temperatures  where  the  anomalous 
surface  shielding  effect  does  not  exist) ; larger  traps  may  exist 
outside  the  tube  because  of  the  interaction  of  fringing  fields  from 
the  various  electrodes  of  the  beam  handling  system.  Also,  a mag- 
netic trap  of  potential  depth  5 x 10  ^ eV  for  electrons  in  the  first 
excited  cyclotron  state  (the  depth  is  correspondingly  larger  for 


electrons  in  higher  cyclotron  states)  often  existed  just  below  the 
drift  tube.  Electrons  can  enter  either  kind  of  trap  via  an  inelastic 
collision  with  a gas  molecule,  a multi -electron  collision,  or  a 
change  of  cyclotron  state  stimulated  by  background  radiation  (in  the 
case  of  a magnetic  trap) . 

We  assume  that  electrons  will  leave  a trap  via  either  electron- 
gas  collisions  or  interaction  with  background  radiation.  (Multi- 
electron collisions  do  not  constitute  an  important  ejection  mechanism 
since  a given  trap  is  unlikely  to  have  more  than  one  electron  in  it 
at  a time.)  In  either  case  the  number  dn  of  electrons  which  will  be 
ejected  from  traps  of  a given  kind  in  the  short  time  interval  dt  is 

dn  = - XN  dt 

where  N is  the  number  of  electrons  in  all  the  traps  of  the  given 
kind  at  the  beginning  of  the  interval  dt  and  X is  a decay  constant 
determined  by  the  type  of  trap  and  the  n.^ture  of  the  ejection 
mechanism.  Thus  we  expect  that  the  number  of  electrons  emitted  from 
traps  will  decay  exponentially  with  the  elapsed  time  since  the  cathode 
pulse  (actually  in  the  general  case  the  decay  will  be  a superposition 
of  exponential  decays  which  have  different  decay  constants) . In  the 
case  of  the  TOP  experiments  we  had  on  the  average  less  than  one  slow 
electron  (whether  from  direct  cathode  emission  or  from  trap  emission) 
per  cathode  pulse.  However,  the  distribution  of  trap-originating 
electron  flight  times  obtained  over  thousands  of  cathode  pulses 
follows  the  exponential  decay  law  nevertheless  because  of  the 
statistical  nature  of  the  trapped  electron  decay  process. 
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If  one  type  of  ejection  mechanism  is  prevalent  there  will  be 
an  exponential  decay  with  a single  time  constant;  if  other  mechanisms 
are  important  there  will  be  a superposition  of  decaying  exponentials 
with  different  time  constants.  In  general  electrons  emerging  from 
the  traps  will  tend  to  have  a rather  limited  range  of  energies,  with 
the  maximum  energy  closely  related  to  the  potential  depth  of  the 
most  common  type  of  trap. 

Electrons  which  arrive  at  the  detector  as  a result  of  delayed 
emission  from  traps  will  show  up  in  the  TOP  distribution  as  a sudden 
increase  in  the  electron  flux  at  a time  of  flight  value  determined 
by  the  maximum  of  the  normal  energy  range  of  electrons  leaving  traps. 
This  increased  flux  will  then  decay  in  time  either  as  a single  exponen- 
tial or  as  a combination  of  exponentials.  There  may  be  a further 
variation  in  the  arrival  times  of  the  delayed  electrons  if  their 
energy  spread  is  significant.  In  most  of  our  work  it  appeared  that 
the  energy  spread  of  the  trap-originating  electrons  was  rather  small. 

The  effect  on  the  TOP  distribution  of  slow  electrons  obtciined 
through  rethermalization  will  depend  on  the  nature  of  the  prevalent 
source  of  effective  dissipative  force.  About  the  only  statement  we 
can  make  is  that  the  TOP  distribution  will  tend  to  decay  more 
rapidly  than  normal  at  short  flight  times  and  less  rapidly  than 
normal  at  long  flight  times.  There  may  also  be  small  peaks  in  the 
TOP  distribution  if  the  energy  dependences  of  the  various  collision 
cross-sections  are  not  smooth. 

We  have  seen  that  there  are  several  ways  in  which  an  enhancement 
of  the  slow  electron  flux  can  come  about.  On  the  whole  the  enhance- 
ment is  useful  for  our  ambient  force  measurements.  Electrons  which 
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are  slowed  down  by  a dissipative  force  will  respond  to  applied 
forces  in  the  tube  in  essentially  the  same  way  as  slow  electrons 
which  come  directly  from  the  cathode;  in  particular  they  will  not 
smear  out  the  shai'p  cutoff  effects  which  applied  forces  should 
theoretically  produce.  The  flux  of  these  electrons  will  be  decreased 
by  an  applied  retarding  force  in  the  tube;  thus  they  are  useful  in 
ambient  force  measurements  made  with  the  differential  technique. 

Slow  electrons  emitted  from  traps,  while  they  do  tend  to  smear  out 
any  otherwise  sharji  cutoffs  (because  they  are  emitted  with  an  unknown 
time  delay  with  respect  to  the  cathode  pulse),  are  also  useful  for 
the  ambient  force  measurements  since  their  flux  is  reduced  by  an 
applied  retarding  force.  We  will  see  in  the  next  few  sections  of 
this  chapter  that  the  response  of  trap-originating  electrons  to 
applied  forces  can  provide  a considerable  amount  of  useful  informa- 
tion. In  fact,  in  the  room  temperature  and  77°K  work  the  apparent 
existence  of  reasonably  large  numbers  of  trip-originating  electrons 
in  the  distribution  may  have  been  crucial  to  our  success  in  obtaining 
some  information  about  the  ambient  fields  in  the  drift  tube  at 
those  temperatures. 

4 . 2 Room  Temperature  Results 

The  room  temperature  electron  time-of-flight  experiments  studied 
drift  tube  electric  fields  ranging  from  about  10  ^ V/m  to  5 x lO”^  V/m 
The  lower  limit  on  the  fields  studied  is  about  4 orders  of  magnitude 
larger  than  the  lower  limit  in  the  4.2°K  experiments  because  of  the 
several  disadvantages  of  the  room  temperature  system  as  compared  to 
the  low  temperature  system.  The  room  temperature  operation  suffered 


I 


1 

from  poorer  vacuum,  noisier  biasing  circuits  for  the  electrodes, 
and  a greatly  reduced  ability  to  provide  magnetic  state  selection. 

However,  since  the  purpose  of  the  room  temperature  work  was  to  look 
for  lattice  distortion  and/or  patch  effect  fields  in  the  drift  tube, 
the  lower  limit  on  field  sensitivity  was  adequate  since  one  or  the 

other  of  the  two  ambient  field  components  was  expected  to  be  present  j 

at  a level  higher  than  10  ^ V/m.  ' 

Data  from  a representative  room  temperature  run  is  plotted  semi-  ; 

logarithmically  in  Fig.  4.1.  The  number  of  counts  which  arrived  at 
the  detector  in  a 50  psec  time  interval  centered  on  time  t after  the 

cathode  pulse  is  plotted  against  t.  For  t = 1.5  msec  and  beyond  the  j 

functional  dependence  of  the  number  of  counts  per  (50  psec)  channel,  j 

I 

dN/dt,  as  a function  of  t is  well  represented  by  the  equation  ’ 

dN/dt  = C e 

where  x has  the  value  1.5  msec.  The  initial  form  of  the  dN/dt  | 

I 

distribution  can  be  seen  more  clearly  in  Fig.  4.2,  a full  logarithmic 
plot  of  the  distribution  for  values  of  t up  to  2 msec.  Over  the 
range  0.4  msec  to  about  1.4  msec  a rather  good  fit  to  the  distribu- 
tion can  be  obtained  with  a power  law  decay 

dN/dt  = Ct'^ 

where  in  this  case  b =»  3.2.  The  data  before  0.4  msec  decays  con- 
siderably more  rapidly;  however,  at  these  flight  times  a portion  of 
the  distribution  consists  of  non-ground  state  electrons  whose 


t/x 


t (msec) 


Fig.  4.2.  A full  logarithmic  plot  of  the  initial  portion  of  the 
TOF  distribution  of  Fig.  4.1.  The  triangle  indicates  the  point 
obtained  by  subtracting  from  the  t=1.0  msec  point  an  amount  equal 
to  the  value  of  the  exponential  curve  of  Fig.  4.1  at  1.0  msec. 

The  line  is  a least  squa^e^  fit  to  the  data  between  0.35  and  1.0 
msec;  it  represents  a t*  ' decay. 


distribution  is  determined  primarily  by  the  magnetic  state 
selection  process. 

As  we  saw  in  Sec.  3.2  at  ^ decay  of  dN/dt  is  expected  on  the 
basis  of  the  velocity  spectrum  of  electrons  emitted  from  the 
cathode,  so  it  appears  that  within  statistical  limits  the  electrons 
arriving  before  1.5  msec  represent  direct  emission  from  the  cathode. 

We  also  discussed  in  Sec.  4.1  the  likelihood  that  electrons  emitted 
from  potential  traps  along  the  beam  path  would  appear  in  the  distribu- 
tion rather  suddenly  at  time  t^  and  would  then  decay  either  as  a 
single  exponential  or  as  a sum  of  exponentials  with  differing  time 
constants.  It  thus  appears  that  the  electrons  arriving  after  1.5 
msec  in  Fig.  4.1  are  emitted  from  potential  traps,  although  some  of 
the  added  flux  here  may  result  from  rethermalization. 

The  most  important  aspect  of  the  room  temperature  data  is 
illustrated  in  Fig.  4.3,  which  shows  the  data  of  Fig.  4.1  plotted 
along  with  two  additional  sets  of  data  from  the  same  run  which  show 
the  TOF  spectra  obtained  with  applied  electric  fields  present  in  the 
drift  tube.  It  is  clear  from  this  graph  that  the  number  of  electrons 
arriving  after  1.5  msec  is  progressively  decreased  as  the  applied 
electric  field  is  increased.  If  the  portion  of  the  distribution 
after  1.5  msec  corresponded  to  direct  cathode  emission,  we  would 
expect  to  see  cutoff  effects  in  the  applied  field  runs,  with  the 
cutoff  time  shifting  with  the  value  of  the  applied  field.  The 
observed  dependence  of  the  distribution  on  tlie  value  of  applied  field 
is  much  more  consistent  with  the  idea  that  most  of  the  electrons 
arriving  after  1.5  msec  result  from  delayed  emission  from  potential 
traps.  The  crucial  point  is  that  an  electric  field  in  the  drift 
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Fig.  4.3.  A representative  set  of  room  temperature  TOF  spectra 
showing  the  effect  of  applied  forces.  The  straight  line  through 
the  F = 0 points  is  the  same  fit  as  in  Fig.  4.1.  The  two  other 
straifht  lines  are  visual  best  fits.  The  curve  drawn  through 
the  initial  portion  of  the  distribution  is  essentially  the  same 
fit  as  that  in  Fig.  4.2. 
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tube  can  prevent  the  low-energy  component  of  the  delayed  electron 
distribution  from  reaching  the  detector.  The  exact  energy  range 
of  the  delayed  electrons  which  will  be  turned  back  by  an  applied 
field  depends  on  whether  most  of  the  trapping  occurs  below  or  near 
the  lower  end  of  the  drift  tube  or  at  some  higher  position  along  the 
tube.  However,  the  experimentally  observed  fact  that  the  number  of 
electrons  arriving  after  1.5  msec  ^ reduced  by  the  application  of 
an  electric  field  permits  a rough  determination  of  the  ambient 
electric  field  present  in  the  drift  tube  at  room  temperature,  as 
we  shall  show  a bit  later. 

The  effectiveness  of  applied  fields  in  modifying  a TOP  spectrum 
obtained  over  10^  or  so  cathode  pulse  rests  on  another  as  yet 
unstated  assumption,  which  is  that  the  extent  to  which  various  traps 
are  populated  after  each  cathode  pulse  does  not  depend  on  the  state 
of  tlie  traps  before  the  cathode  pulse.  In  other  words,  each  cathode 
pulse  and  associated  counting  interval  constitutes  an  independent 
experiment  which  is  not  affected  by  the  history  of  previous  such 
experiments.  This  assumption  is  reasonable  since  a large  number  of 
relatively  high  energy  electrons  sweep  through  the  beam  path  imme- 
diately after  each  cathode  pxilse.  As  this  space  charge  wave  approaches 
a trap  it  tends  to  empty  the  trap.  Although  the  trap  may  well  be 
re-occupied  because  of  three-body  electron  collisions  or  perhaps 
electron-gas  atom  collisions  which  occur  as  the  space  charge  wave 
passes  by  the  trap,  any  memory  of  the  previous  occupation  of  the 
trap  will  certainly  be  lost. 

It  seems  clear  that  an  applied  field  will  remove  a significant 
number  of  slow  electrons  from  the  distribution  that  reaches  the 
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detector  only  if  that  field  constitutes  an  appreciable  fraction 
of  any  ambient  field  present  in  the  drift  tube  (we  discussed  this 
point  at  some  length  in  Sec.  3.2).  If  we  assume  that  the  energy 
distribution  of  electrons  emitted  from  traps  is  essentially  linear 
in  energy  up  to  some  maximum  value  of  energy  we  would  expect  that 
a given  fractional  change  in  the  energy  required  for  an  electron 
to  reach  the  detector  would  produce  the  same  fractional  change  in 
the  number  of  trap-originating  electrons  arriving  at  the  detector. 

We  can  thus  gain  information  about  the  level  of  ambient  fields  in 
the  tube  by  plotting  the  percentage  effect  on  the  distribution 
produced  by  an  applied  field  against  the  value  of  the  applied  field. 
The  zero-effect  intercept  of  this  plot  should  indicate  the  ambient 
field  present. 

IVhen  it  was  seen  that  cutoff  effects  were  not  appearing  in  

the  room  temperature  data  (because  the  slow  counts  are  apparently 
almost  entirely  provided  by  trap-originating  electrons)  it  was  decided 
to  analyze  the  room  temperature  data  by  determining  the  percentage 
reduction  in  slow  electron  flux  produced  by  various  values  of  applied 
field.  In  this  method  "slow"  electrons  were  defined  as  those  arriving 
after  a time  corresponding  to  the  cutoff  expected  for  the  smallest 
of  the  three  values  of  applied  force  used  in  a run.  The  four  spectra 
accumulated  in  a given  run  (three  with  applied  force  and  one  with  no 
applied  force)  were  normalized  by  requiring  that  they  all  have  the 
same  number  of  counts  in  their  first  three  channels.  Then  the  number 
of  slow  electrons  in  each  of  the  four  spectra  was  determined  and 
the  ratio  of  the  number  of  slow  electrons  in  the  applied-force 
spectrum  to  the  number  in  the  no-applied-force  spectrum  was  calculated 
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for  each  value  of  applied  force.  A summary  of  results  obtained  with 
this  analysis  technique  is  presented  in  Fig.  4.4.  We  have  plotted 
the  slow  electron  ratio  as  described  above  against  the  applied 
force  values  plotted  on  a logarithmic  scale.  An  applied  force  in 
the  upward  direction  is  taken  to  be  positive. 

We  see  from  the  illustration  that  downward  applied  forces  pro- 
duce the  expected  effect  — the  slow  electron  ratio  is  progressively 
decreased  as  the  applied  force  is  increased.  Looking  at  the  upward 
applied  forces,  we  see  that  the  slow  electron  ratio  suddenly  begins 
to  increase  rapidly  when  the  applied  force  reaches  a value  of  about 
10  ^ eV/m.  The  implication  here  is  that  there  is  an  effective  down- 
ward ambient  force  in  the  tube  of  roughly  the  same  magnitude  (that 

I -5 

is,  an  ambient  force  of  - 5 x lo  eV/m)  and  thus  when  the  magnitude 

of  the  upward  applied  force  approaches  this  value  the  net  force  in 

the  tube  is  significantly  reduced,  causing  an  increase  in  the  slow 

electron  ratio.  Unfortunately,  the  work  with  upward  applied  forces 

is  complicated  to  some  extent  by  the  fact  that  an  applied  field 

which  accelerates  electrons  along  the  tube  causes  an  enhancement 

of  emission  from  potential  traps.  However,  as  we  shall  see  shortly, 

r 

j there  is  good  reason  to  believe  that  the  value  we  have  just  obtained 

I- 

[ represents  a reasonable  order-of-magnitude  estimate  of  the  ambient 

i 

I field  in  the  tube  at  room  temperature.  We  also  see  from  Fig.  4.4 

that  a downward  applied  force  of  n/ lo  ^ eV/m  just  begins  to  have  an 
effect  on  the  distribution.  Any  lattice  distortion  or  patch  effect 
potential  fluctuations  in  the  drift  tube  must  be  within  roughly  an 
order  of  magnitude  of  this  value.  We  can  get  a better  idea  of  the 
ambient  potential  variations  in  the  tube  from  Fig.  4.5,  which  is  a 
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Fig.  4.5.  A linear  plot  of  the  data  of  Fig.  4.4  over  the  range  -(0-40)  x 10  eV/m.  The  y-axis  : 
is  equal  to  1-R  where  R is  the  y-axis  of  Fig.  4.4.  The  straight  line  is  a visual  best  fit  to  the 
data. 


linear  plot  of  the  reduction  E in  the  slow  electron  ratio  (equal  to 
the  difference  between  unity  and  the  slow  electron  relative  intensity 
of  Fig.  4.4)  versus  the  magnitude  of  downward  applied  force.  The 
straight  line  fit  shown  follows  the  equation 


E 


0.065  + 


F 

a 

11. 6 X lo"^  eV/m 


We  argued  previously  that  the  fractional  change  in  E ought  to  be 
equal  to  the  fractional  change  in  applied  force  F . In  the  present 
case  we  have 


E 


AF 

a 

(F  +7.5  X 10'^  eV/m) 

3 


so  that  the  fractional  changes  will  be  equal  if  we  assume  that  ambient 
potential  variations  are  present  in  the  tube  which  produce  an  effect 
on  the  slow  electrons  equivalent  to  a downward  force  of  7.5  x lo  ^ eV/ra. 
(Note  that  this  is  in  rather  good  agreement  with  the  ambient  force 
value  which  we  obtained  by  looking  at  the  effects  of  different  values 
of  upward  applied  force.)  These  potential  variations  could  arise 
either  from  the  lattice  distortion  effect  or  from  patch  effect 
potential  fluctuations.  The  direction  is  correct  for  the  lattice 
distortion  field  but  the  magnitude  is  too  large  by  one  to  two  orders 
of  magnitude  according  to  the  estimates  presented  in  Chapter  2. 
Potential  variations  of  10  ^ V along  the  drift  tube  would  be  quite 
consistent  with  the  patch  effect  estimates  also  presented  in  Chapter 
2,  leading  us  to  believe  that  it  is  the  patch  effect  we  are  seeing 
at  room  temperature. 
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Before  leaving  our  discussion  of  the  room  temperature  results 
we  should  mention  the  effectiveness  of  the  magnetic  state  separation 
at  room  temperature.  All  of  the  data  presented  in  this  section  was 
taken  with  a cathode  magnetic  field  of  a,  70  G.  This  value  of  magnetic 
field  caused  all  non-ground  state  electrons  to  arrive  at  the  detector 
within  1.8  msec  of  the  cathode  pulse  (with  the  possible  exception 
of  non-ground-state  electrons  which  were  caught  in  potential  traps 
as  a result  of  collisions) . The  shortest  value  of  flight  time  which 
was  used  in  the  room  temperature  analysis  was  1.5  msec,  so  the  value 
of  cathode  magnetic  field  we  were  able  to  use  was  just  barely  ade- 
quate to  provide  the  magnetic  state  separation  necessary  for  the 
data  analysis  procedure  to  be  valid.  It  is  possible  that  some  of 
the  noise  effects  seen  in  the  room  temperature  work  were  caused  by 
electrons  in  excited  cyclotron  states  which  were  emitted  from  traps 
and  then  interacted  with  magnetic  field  gradients  along  the  flight 
path. 


4 . 3 77°K  Data 

A relatively  small  amount  of  data  was  taken  at  77°K  because  of 
premature  failure  of  the  tunnel  cathode.  The  effects  of  applied 
electric  fields  turned  out  to  be  ver\'  similar  to  the  effects  observed 
at  room  temperature  even  though  the  actual  TOP  distributions  obtained 
at  77°K  differed  considerably  from  their  300°K  counterparts.  Figure 
4.6  shows  some  of  the  best  (in  terms  of  noise  level)  data  obtained 
at  77°K.  Let  us  first  examine  the  data  taken  with  no  applied  fields. 
After  approximately  1.0  msec  the  data  can  be  fitted  by  a decaying 
exponential  with  time  constant  5.3  msec.  This  represents  quite  a 
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Fig.  4.6.  A relatively  low-noise  set  of  77®K  TOF  spectra 
taken  with  three  different  applied  force  values,  The 
straight  lines  shown  are  visual  best  fits  to  the  data; 
the  initial  curve  is  only  a guide  for  the  eye. 
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slower  decay  than  the  1.5  msec  time  constant  seen  after  1.5  msec 
in  the  room  temperature  data.  The  early  behavior  of  the  distribu- 
tion can  be  seen  more  clearly  in  Fig.  4.7,  a full  logarithmic  plot 

of  the  zero-applied-force  data  of  Fig.  4.6.  The  early  distribution 

-5  -3  2 

seems  to  follow  a t curve,  in  contrast  to  the  t ‘ dependence 

seen  at  room  temperature.  portion  of  this  difference  may  be 
explained  by  the  higher  value  of  cathode  magnetic  field  used  at 
77°K  (140  G as  compared  to  70  G at  300®K) , which  causes  all  non- 
ground-state electrons  to  arrive  within  about  1.0  msec  of  the 
cathode  pulse. 

The  main  item  of  interest  in  the  77'*K  data  is  the  smallest 
value  of  applied  force  which  has  a significant  effect  on  the 
distribution.  A slow  electron  ratio  analysis  as  described  in  the 
preceding  section  was  applied  to  the  data  of  Fig.  4.6.  Once  again 
a flight  time  value  of  1.5  msec  was  tal<;en  as  the  beginning  of  the 
slow  electrons.  (An  applied  force  of  2.5  10  ^ eV/m  has  a cutoff 

time  of  2.1  msec,  while  5 x lO  ^ eV/m  gives  1.5  msec.)  The  - 5 x lo  ^ 
eV/m  force  produced  a slow  electron  ratio  of  0.82 ±0.11,  while  the 
- 2.5x10  ^ eV/m  applied  force  gave  a ratio  of  1.00  10.11.  All 
smaller  values  of  applied  force  studied  in  other  77°K  runs  gave  a 
ratio  which  was  1.0  within  statistical  limits.  Thus  the  limit  of 
resolution  for  applied  forces  at  77'’K  seems  to  be  about  5 x lo  ^ 
eV/m,  quite  close  to  the  room  temperature  resolution  limit  of  about 
4 X 10  ^ eV/m  (as  determined  from  Fig.  4.5)  and  the  room  temperature 
effective  ambient  electric  field  of  7.5 xio  ^ V/m. 

It  thus  seems  that  the  ambient  potential  variations  in  the 
drift  tube  at  77°K  are  essentially  the  same  as  those  found  at  500°K. 
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Fig,  4.7.  A full  logarithmic  plot  of  the  initial  por- 
tion of  the  zero-appjied-force  distribution  of  Fig.  4.6 
The  straight  is  a visual  best  fit  to  the  data;  it 

represents  at"  decay. 


The  primary  purjiose  of  our  first  LHe  run  was  to  verify  that 
the  apparatus  was  still  capable  of  resolving  applied  electric  fields 
as  small  as  those  used  by  Witteborn  and  Fairbank.  If  10  V/m 
fields  could  be  resolved  at  4.2°K  in  the  same  apparatus  which  had 
exhibited  apparent  drift  tube  potential  variations  of  'v  5 x 10~^  V/m 
at  300°K  and  77°K  we  would  have  evidence  for  a temperature  dependence 
in  the  ambient  electric  field  in  the  drift  tube. 

The  various  zero-applied  force  spectra  taken  during  this  run 

did  not  show  a uniform  distribution.  The  most  common  form  of  the 

TOF  distribution  is  shown  in  Fig,  4.8.  This  distribution  has  an 

initial  decay  which  upon  closer  examination  proves  to  go  as  t"'^'^ 

out  to  about  30  msec.  We  should  point  out  that  because  we  in  general 

study  much  smaller  applied  forces  at  4.2°K  than  at  room  temperature 

or  77®K,  the  time  of  flight  values  discussed  in  this  and  the  next 

section  will  extend  to  much  larger  values  than  those  discussed  in 

the  previous  two  sections.  The  t initial  decay  is  the  most 
-1.3  -2.9 

common;  however,  t ' and  t ' forms  of  decay  each  occurred  in 

several  runs  (in  all  cases  the  initial  power  law  behavior  held  out 

-2.9 

at  n.  30  msec).  Only  the  t ' form  is  in  agreement  with  the  300°K 
and  77°K  results  and  with  expectations  based  on  the  velocity  distri- 
bution of  the  cathode.  It  appears  that  we  are  getting  a significant 
amount  of  rethermalization  of  the  electron  beam;  i.e.,  the  3000'’K 
electron  distribution  emerging  from  the  cathode  is  "cooling"  before 
it  enters  the  drift  tube.  Possible  mechanisms  for  this  are  multi- 
electron collisions  and  collisions  between  emitted  electrons  and 
residual  gas  molecules.  The  former  mechanism  is  expected  to  be 
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Fig.  4.8.  A typical  set  of  4.2®K  TOF  spectra  taken  with  three 
different  applied  force  values.  The  straight  line  fits  after 
0.2  sec  were  obtained  visually;  they  represent  exponential  de- 
cays with  time  constants  of  250-300  msec. 
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dominant  unless  the  residual  gas  pressure  is  unusually  high.  One 
would  expect  a considerable  number  of  delayed,  trap-originating 
electrons  in  the  distribution  if  significant  rethermalization  is 
taking  place;  as  we  shall  see  below,  such  appears  to  be  the  case. 

The  distribution  between  30  msec  and  200  msec  in  Fig.  4.8  can 
be  well  represented  by  a decaying  exponential  with  a long  time 
constant  ( 300  msec).  All  the  distributions  studied  showed  this 
exponential  decay  between  30  msec  and  200  msec  with  time  constants 
ranging  from  300  msec  down  to  'x- 40  msec.  We  assume  that  these 
electrons  have  been  emitted  from  potential  traps;  if  so,  the  long 
exponential  time  constants  indicate  that  de-trapping  events  occur 
much  less  frequently  at  4.2®K  than  at  300'’K  or  77°K.  This  lends 
support  to  the  hypothesis  that  some  electrons  are  emitted  from  traps 
via  collisions  with  residual  gas  molecules,  since  the  residual  gas 
pressures  at  4.2°K  are  one  to  two  orders  of  magnitude  lower  than 
those  observed  at  300° K and  77°K. 

Since  we  expect  the  trap-originating  electrons  to  respond  to 
applied  forces,  we  once  again  use  the  slow  electron  ratio  analysis. 
In  this  case  the  best  results  were  obtained  by  ratioing  the  number 
of  counts  which  arrived  after  the  theoretical  cutoff  time  when  a 
force  was  applied  to  the  number  of  electrons  which  arrived  after  the 
cutoff  with  no  force  applied.  Normalization  was  employed  to  account 
for  large  cathode  emission  variations  within  a run. 

The  results  of  the  slow  electron  ratio  analysis  are  summarized 
in  Fig.  4.9.  We  note  from  the  figure  that  (1)  the  effect  appears  to 
by  symmetric  in  the  direction  of  the  applied  force  and  (2)  a force 
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as  small  as  2 x iO  eV/m  has  a statistically  significant  effect 
on  the  distribution. 

Because  data  from  this  LHe  run  was  accumulated  over  such  a 
large  range  of  applied  forces  (three  orders  of  magnitude),  which  in 
turn  required  the  use  of  rather  different  time  periods  for  the  TOP 
scan,  it  is  not  practical  to  make  a linear  graph  of  applied  force 
values  versus  the  corresponding  reductions  in  slow  electron  ratio 
as  we  did  in  Fig.  4.5.  Thus  we  do  not  have  as  direct  a means  of 
evaluating  the  ambient  potential  variations  in  the  drift  tube  as  we 
did  at  room  temperature,  tiad  more  running  time  been  available,  we 
would  have  taken  measureir'cnts  at  much  more  closely  spaced  intervals. 
However,  our  e-xperience  at  room  temperature  indicates  that  the 
minimum  applied  force  which  produces  a statistically  significant 
reduction  in  the  slow  electron  ratio  will  be  within  a factor  of  two 
or  three  of  the  value  of  the  maximum  ambient  potential  fluctuations 
in  the  tube.  As  we  have  already  noted , this  minimum  observable 
applied  force  is  about  2 x 10  eV'/m,  indicating  that  the  ambient 
potential  fluctuations  arc  below  5 x 10  V/m.  We  say  "below" 
rather  than  "appioximately  equal  to"  for  two  reasons:  (1)  a moderate 

reduction  In  the  error  assigned  to  the  - 5 x lO  eV/m  point  would 
make  it  the  minimian  applied  force  which  produces  a significant  effect 
and  (2)  we  rely  on  the  results  of  the  Wi ttebom-Fairbank  experiment, 
which  indicated  that  the  only  ambient  forces  larger  than  10  eV/m 
acting  on  an  electron  in  the  tube  were  the  force  of  gravity  and  a 
force  due  to  the  Schiff-Barnhill  electric  field  of  - 5.6 x 10  V/m 
which  just  cancels  the  force  of  gravity. 
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The  fact  that  the  effect  of  an  applied  force  on  the  slow 
electron  ratio  is  symmetric  in  the  direction  of  the  applied  force 
is  further  evidence  that  the  effective  ambient  force  in  the  tube 
is  smaller  than  the  smallest  value  of  applied  force  which  signifi- 
cantly affects  the  distribution.  This  situation  is  in  contrast  to 
the  highly  asymmetric  effect  of  applied  forces  at  room  temperature 
(see  Fig.  4.4)  caused  by  the  presence  of  a relatively  large  ambient 
force  in  the  tube  at  that  temperature.  (Note  that  although  the 
curve  in  Fig.  4.9  is  symmetric  the  data  actually  shows  a slight 
tendency  for  the  slow  electron  ratio  to  be  largest  when  the  applied 
force  is  about  + 3x10  eV/in.  However,  the  uncertainty  in  the 
relevant  data  point  is  large  enough  to  make  tlie  point  consistent 
with  the  indicated  symmetric  curve.) 

Since  the  objective  of  the  first  LHe  run  was  to  verify  our 
ability  to  observe  small  applied  forces  at  4.2°K,  we  felt  that  the 
run  was  successful  when  'v  10  eV/m  force;,  were  resolved. 

4.5  Heated  Drift  Tube  Experiments 

The  data  presented  in  Secs.  4.2,  4.3,  and  4.4,  especially  when 
combined  with  the  results  of  the  WF  experiment,  gave  strong 
evidence  that  the  ambient  potential  variations  along  the  axis  of 
the  drift  tube  were  much  smaller  at  4.2°K  than  at  77°K  or  300°K. 
However,  the  most  convincing  evidence  for  a temperature-dependent 
shielding  effect  in  the  drift  tube  is  presented  in  this  section, 
where  we  describe  data  taken  at  temperatures  of  4.2°K,  4.3“’K, 

4.4°K,  9°K,  and  11°K.  Before  looking  at  the  data,  we  will 

examine  the  general  nature  of  the  distributions  and  the  method  of 
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analysis  employed  in  this  series  of  experiments.  We  will  illustrate 

these  discussions  with  4.2°K  data  taken  from  the  heated  drift  tube 

series  of  runs;  however,  the  cornnents  which  we  will  make  apply 

equally  well  to  the  data  taken  at  the  higher  temperature  values. 

4.5.1  Nature  of  the  Zero-Applied-Force  TOP  Distribution 

The  4.2°k  zero-applied-force  TOP  spectra  obtained  in  this  set 

of  runs  fit  quite  well  a distribution  characterized  by  an  initial 
-4 

t decay  out  to  ^ 10  ins  followed  by  a decaying  exponential  with 

a time  constant  in  the  range  20-40  msec,  as  shown  in  Figs,  4.10  and 
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4.11.  The  initial  t decay  was  rather  puzzling  at  first  since  a 
t decay  was  the  most  rapid  seen  in  the  earlier  4.2°K  work. 

However,  there  is  one  important  difference  between  the  conditions 
under  which  this  data  was  taken  and  the  conditions  of  the  previous 
LHe  run.  Because  of  a small  crack  which  developed  in  one  of  the 
vacuum  feedthroughs  at  the  beginning  of  this  run,  most  of  the  data 

_9 

was  accumulated  with  residual  gas  pressures  of  '^10  Torr.  We  can 

see  the  effects  of  such  a pressure  by  looking  at  Fig.  4.12,  which 

shows  a series  of  TOF  spectra  taken  over  a range  of  residual  gas 

pressures.  We  see  that  increasing  the  residual  gas  pressure  from 
-10  -9 

8x10  Torr  to  2.5  xio  Torr  results  in  a shift  of  the  initial 

-2.4  -5  -4 

form  of  the  distribution  from  t ' to  t . The  t dependence  seen 
in  most  of  our  data  from  this  set  of  runs  would  thus  seem  to  indicate 

-9 

a residual  gas  pressure  of  about  2 x ]0  Torr,  We  should  note  that 
the  residual  pressure  is  assumed  to  be  almost  completely  due  to  He, 
since  the  feedthrough  in  question  was  located  in  the  He  vapor  space 
of  the  dewar  and  since  the  ion  pump  pumps  He  rather  inefficiently. 
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Fig.  4.10.  A full  logarithmic  plot  of  the  initial  portion 
of  a typical  TOF  distribution  obtained  in  the  heated  drift 
tube  experiments.  The  tube  was  at  4.2°K  and  the  applied 
force  was  zero.  The  line  is  a least  squares  fit  to  the  data 
points  up  to  12  msec;  it  represents  a t decay. 
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Fig.  4.11.  The  latter  portion  of  the  TOF  distribution  of  Fig.  4.10.  Tne 
points  shown  with  dots  are  the  raw  data  points  while  the  points  indi- 
cated with  triangles  show  the  result  of  subtracting  from  the  raw  data 
points  an  amount  equal  to  the  value  of  the  curve  of  Fig.  4.10  at  the 
appropriate  flight  time  values.  The  straight  line  is  a visual  best  fit; 
it  represents  a decaying  exponential  with  a time  constant  of  35  msec. 

The  curved  line  is  only  a guide  to  the  eye. 
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Fig  4.12.  A set  of  zero-applied -force  4.2°K  TOF  spectra  taken 
with  four  different  values  of  residual  gas  pressure  in  the  vac- 
uum chamber.  The  lines  are  visual  best  fits. 


This  value  for  the  residual  gas  pressure  agrees  well  with  measure- 
ments based  on  the  amount  of  ionization  current  drawn  by  the  pump. 

The  rather  short  (as  compared  with  the  data  of  Sec.  4.4)  time 
constant  seen  in  the  exponential  decay  portion  of  the  distribution 
is  also  consistent  with  higher  than  usual  background  pressures  if 
we  assume  that  that  portion  of  the  distribution  contains  mainly 
trap-originating  electrons  since  de-trapping  collisions  occur  more 

frequently  with  higher  values  of  gas  density. 
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Although  the  t decay  behavior  provides  a very  good  fit  to  the 
initial  10  msec  of  the  TOP  distribution,  it  does  not  provide  a 
complete  description  of  the  TOP  distribution  of  electrons  which  result 
from  direct  emission  from  the  cathode.  This  became  evident  during 
the  analysis  of  the  heated  drift  tube  data  when  it  was  observed  that 
direct  emission  electrons  were  present  out  to  at  least  25  msec,  where 
they  appeared  to  account  for  20-2.5%  of  the  total  number  of  electrons 
reaching  the  detector. 

-4 

A change  in  the  form  of  the  distribution  from  t to  a somewhat 
lass  rapid  rate  of  decay  at  a flight  time  of  10  msec  is  reasonable 
''V.  several  counta.  If  we  in  fact  have  an  appreciable  rate  for 
electron-ilelium  atom  collisions,  some  fraction  of  the  electrons 
removed  from  the  early  portion  of  the  distribution  by  such  collisions 
should  reappear  in  a later  portion  of  the  distribution.  Also,  we 
should  note  that  an  electron  which  arrives  at  10  msec  has  an  average 

kinetic  energ>'  in  the  tube  of  (100  cm/0.1  sec)^  Ss  2.8><10  ^ eV, 
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which  is  essentially  the  same  as  the  3x10  eV  cyclotron  level 
spacing  of  electrons  in  the  field  of  our  guide  magnet.  Electrons 
which  have  less  than  this  energy  (and  which  thus  have  longer  flight 


times)  have  less  tendency  to  become  caught  in  magnetic  potential 
traps  since  they  can  no  longer  be  raised  from  the  cyclotron  ground 
state  to  the  first  excited  state  by  a collision  process  which  con- 
verts some  of  their  linear  kinetic  energy  to  cyclotron  energy 
(their  linear  KE  is  now  less  than  the  quantum  level  spacing). 

Ground  state  electrons  are  normally  caught  in  magnetic  potential 
traps  by  just  such  a process.  In  any  event,  it  does  seem  to  be  the 
case  that  a significant  number  of  direct  emission  electrons  with 
flight  times  of  25  msec  are  present  in  the  zero-applied-force 
distribution. 

The  points  indicated  by  triangles  and  the  dashed  curve  in 
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Fig.  4.11  show  the  result  of  subtracting  the  t curve  which  fits 

the  first  10  msec  of  tl^e  distribution  from  the  exponential  fit  used 

after  the  first  10  msec.  Ke  see  that  the  counts  which  are  not 
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part  of  the  initial  t distribution  (resulting  partly  from  trap 
emission  and  partly  from  rethcrmal: zation  oy  multi-electron  colli- 
sions, e -He  collisions,  or  other  mechanisms)  begin  arriving  at 
^ 10  msec.  As  it  turns  out,  the  manner  in  which  applied  forces 
affect  this  second  portion  of  the  distribution  indicates  that  the 
trap-originating  electrons  have  energies  of  10  ^ eV  or  less.  The 
TOP  for  a 10  ^ eV  electron  would  be  only  5.5  msec;  we  assume  that 
the  4.5  msec  difference  between  this  value  and  the  10  msec  time  at 
which  we  seem  to  begin  seeing  the  trap-originating  electrons  is 
the  time  needed  for  a trap  to  become  populated  and  begin  emitting. 

We  will  make  the  assumption  that  the  electrons  in  the  second  portion 
of  the  distribution  which  result  from  trap  emission  (apparently  75% 
or  so  of  the  second  portion)  are  relatively  monoenergetic  (at  "v  10  ^ eV) 
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and  that  the  structure  of  the  second  portion  of  the  TOP  distribution 
is  produced  by  the  time  spread  of  the  emission  from  traps.  Under 
this  assumption  all  of  the  trap-originating  electrons  will  he  delayed 
by  the  same  amount  when  a retarding  force  is  applied  in  the  tube  and 
the  entire  trap-originating  distribution  will  shift  along  the  time- 
of-flight  axis.  We  will  see  in  Sec.  4.5.3  that  such  behavior  is 
consistent  with  the  observed  effects  of  applied  retarding  forces. 

The  monoenergetic  assumption  implies  that  one  particular  type  of 
trap  and/or  de-trapping  mechanism  is  predominant.  While  such  a 
situation  seems  quite  feasible,  we  have  no  particular  reason  to 
believe  that  that  situation  exists.  It  is  quite  possible  that 
several  different  energy  distributions  of  trap-originating  electrons 
could  be  consistent  with  the  observed  effects  of  applied  forces. 

Since  the  question  of  the  detailed  energy  distribution  of  the  trap- 
originating  electrons  need  not  be  an.swered  in  order  to  determine  the 
ambient  potential  variations  in  the  tui)e,  we  will  not  pursue  it 
further. 

4.5.2  Analysis  of  the  Heated  Drift  Tube  Data 


The  data  taken  at  each  value  of  drift  tube  temperature  (including 

4.2°K)  consists  of  4 TOi  spectra,  corresponding  to  applied  axial 

currents  in  the  drift  tube  walls  of  0,  0.02  A,  0,05  A,  and  0.1  A. 

If  we  use  our  measured  value  of  drift  tube  resistance  at  4.2°K,  these 

- 8 - 8 

currents  translate  to  applied  force;-  of  0,  - 3 x lO  eV/ra,  - 7.5xio 
eV/m,  and  - 1.5x10  ^ e'Vni.  A few  data  points  involving  positive 
(accelerating)  applied  forces  were  also  taken. 

In  this  series  of  experiments  we  made  a point  of  taking  several 
runs  under  identical  conditions  using  this  same  set  of  applied  force 
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values  in  order  to  improve  the  counting  statistics.  As  it  turned 
out,  the  amount  of  data  acquired  for  each  applied  force  was 
sufficient  to  permit  a much  more  precise  and  quantitative  evalua- 
tion of  the  fields  present  in  the  drift  tube  than  was  possible  in 
the  previous  work.  In  particular,  rather  than  just  finding  the 
minimum  applied  force  which  significantly  affects  the  distribution 
as  we  did  in  Secs.  4.2,  4.5,  and  4.4,  we  are  able  to  determine 
directly  the  apparent  ambient  electric  field  in  the  tube. 

It  is  fortunate  that  the  revised  technique  was  available  for 
the  analysis  of  the  heated  drift  tube  data,  since  the  slow  electron 
ratio  technique  used  in  the  previous  sections  is  really  not  very 
useful  with  this  data.  In  the  room  temperature  and  LN^  work,  rela- 
tively large  forces  were  studied;  consequently,  short  (5  msec)  TOP 
sweep  times  were  used  and  therefore  direct  emission  electrons  were 
present  all  the  way  to  the  end  of  the  TOP  sweep.  In  the  first  LHe 
run  the  decay  of  the  direct  emission  electrons  in  the  initial 
portion  of  the  distribution  was  only  t or  so;  thus,  direct 
emission  was  again  appreciable  all  the  way  to  the  end  of  the  TOP 
sweep  for  the  sweep  times  used.  Therefore  an  applied  force  should 
reduce  the  TOP  distribution  at  all  flight  times  after  the  cutoff 
in  these  cases.  In  the  heated  drift  tube  case,  direct  emission 
electrons  do  not  appear  to  be  present  much  after  25  msec,  thus  the 
previous  slow  electron  ratio  method  would  not  give  a good  indication 
of  the  effect  of  an  applied  force. 

The  analysis  procedure  used  with  this  data  is  similar  to  the 
previous  slow  electron  ratio  method  in  that  we  do  ratio  applied 
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force  spectra  to  the  zero-applied-force  spectrum  taken  in  the  same 
run;  however,  in  this  case  the  ratio  of  corresponding  TOI-  channels 
or  channel  groups  is  used  rather  than  just  the  ratio  of  the  total 
number  of  counts  arriving  after  a certain  cutoff  time.  Individual 
channels  aie  ratioed  for  channels  3-9,  groups  of  either  2 or  5 
channels  for  10-19,  groujis  of  5 for  20-49,  and  groups  of  10  for 
channels  50-99.  This  rhrinnel  averaging  procedure  in  the  late 
channels  smooths  out  large  statistical  fluctuations  in  the  data 
as  well  as  allowing  a noise  elimination  procedure  to  be  used. 

We  often  have  a problem  with  large  noise  bursts  ^from  transients 
in  the  electric  power  line)  which  couple  into  the  counting  elec- 
tronics to  produce  a large  number  of  spurious  counts  in  a single 
TOP  channel.  This  problem  is  most  troublesome  in  the  later  chan- 
nels, where  the  true  count  rate  is  small.  In  order  to  minimize  the 

deleterious  effects  of  the  burst  noise,  we  apply  Chauvenet's 
51 

criterion  to  the  groups  of  channels  vn  the  later  portion  of  the 
spectrum.  Cliauvenet's  criterion  says  that  in  a group  of  N similar 
measurement.'?,  a measurement  may  be  rejected  if  the  probability  of 
its  occurrence  ls  less  chan  1/2N.  In  our  case  of  a group  of  10 
similar  TOP  channels,  t;:is  means  that  a count  which  is  more  than 
two  standard  deviations  away  from  the  mean  for  the  group  may  be 
rejected  (in  our  case,  we  replace  it  by  the  group  mean). 

We  found  that  in  the  cases  where  Chauvenet's  criterion  was 
employed,  the  standard  deviation  of  a point  in  the  group  was  larger 
than  i/N  before  replacement  of  the  point  in  question  by  the  group 
mean;  after  replacement  the  experimental  standard  deviation  agreed 
well  with  the  theoretical  \/N  value  based  on  counting  statistics. 
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The  exact  effect  of  an  applied  force  on  the  type  of  distribu- 
tion we  described  in  Sec.  4.5.1  is  highly  dependent  on  the  magnitude 
of  the  applied  force;  however,  we  can  describe  here  the  two  basic 
effects  in  general  terms.  First,  the  direct  emission  electron  TOF 
distribution  will  have  a cutoff  at 


t 

max 


V 


2Tf 


where  s is  the  effective  length  of  the  drift  tube  (slightly  less  than 
1 m)  and  F is  the  effective  applied  force  in  the  tube.  The  direct 
emission  cutoff  should  make  all  ratios  after  the  cutoff  channel  less 
than  1.0,  although  as  the  direct  emission  becomes  a smaller  and 
smaller  fraction  of  the  total  distribution  with  increasing  flight 
times  the  ratio  will  return  to  1.0.  For  example,  if  direct  emission 
becomes  negligible  at  25  msec,  no  value  of  applied  force  will 
affect  the  distribution  after  that  time  i r only  direct  emission 
electrons  are  considered. 

The  second  effect  of  an  applied  force  is  to  delay  the  electrons 
which  are  emitted  from  traps,  thus  shifting  the  entire  trap-origina- 
ting distribution  along  the  TOF  axis,  as  discussed  earlier.  Under 
the  monoenergetic  assumption,  this  shift  will  be  significant  only 

for  applied  forces  which  have  magnitudes  not  too  much  smaller  than 
-7 

10  eV/m.  Since  this  portion  of  the  distribution  basically 
decreases  with  increasing  flight  times,  a significant  shift  along 
the  TOF  axis  will  mean  that  all  ratios  after  20  msec  or  so  will 
tend  to  be  a bit  larger  than  1.0.  The  delayed  electron  time  shift 
effect  and  the  direct  emission  cutoff  effect  will  in  general  tend 
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to  cancel  one  another  to  some  extent.  We  can  see  this  more  clearly 
by  proceeding  to  a discussion  of  the  specific  cases. 

4.5.3  Data  at  4.2°K 

Table  4.1  shows,  for  each  value  of  applied  force  , the  ratio 
of  the  normalized  number  of  electrons  in  the  given  TOF  range  of 
the  F = F^  spectrum  to  the  number  of  electrons  in  the  same  TOF  range 
of  the  F = 0 spectrum,  'llie  indicated  uncertainties  in  the  ratios 
represent  only  the  errors  arising  from  counting  statistics,  calculated 
according  to  the  equation 


where  n(F^)  and  are  the  numbers  of  electrons  in  the  given  TOF 

range  of  the  F = F\  and  F = 0 distributions  respectively.  Let  us 

assume  for  the  moment  that  the  ratio  will  have  its  smallest  value 

for  the  TOF  interval  within  which  the  rr.  off  occurs;  we  then  need 

only  identify  for  each  value  of  applied  force  the  TOF  interval  in 

Table  4.1  for  which  R.  is  minimum.  Because  of  the  uncertainties  in 

1 

R^,  this  problem  is  nut  completely  straightforward.  We  use  the 
followiiig  criteria  to  determine  the  TO?  values  of  the  R^  minima 
and  the  uncertainties  in  these  TOF  values: 

(1)  a minimum,  R^(min),  will  be  considered  significant  only 
if  R^fmin)  +a^R^l,min)^  < 1.0 

(2)  we  consider  any  values  of  R^  which  are  within  one 
probable  error  ^0.67  o(R^)j  of  the  actual  smallest 
value  of  R^  to  be  possible  minima;  tlie  choice  among 
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the  possible  ininiina  must  then  be  made  by  other  means. 
Because  of  i?.)  the  width  of  the  TOP  interval  corresponding  to  a 
ratio  minimuii.  may  be  larger  than  the  width  of  the  single  TOP 
averaging  interval  in  which  the  minimum  occurs;  i.e.,  the  TOP 
intervals  adjacent  to  a minimum  will  be  included  in  the  range  of 
times  assigned  to  the  minimum  if  they  meet  criterion  (2)  above. 

Having  thus  determined  the  cutoff  TOP  range(s)  for  each  value 
of  applied  force,  we  rake  the  midpoint  of  the  range  to  be  the  cutoff 
time  and  the  TOP  range  itself  as  the  uncertainty  in  the  cutoff  time. 
IVe  then  convert  the  cutoff  times  and  their  uncertainties  to  observed 
force  values  and  their  uncertainties  according  to  the  equation 


F 


1.14  X 10'^^  eV  soc“/m 


C4.1) 


Por  the  case  of  the  4.2°K  data,  this  yields  Table  4.2.  If  we  then 
plot  the  observed  force  values  against  the  corresponding  applied  force 
values,  we  obtain  Fig.  4,13.  The  straight  line  is  a least  squares 

« 8 

fit  to  the  three  points  which  result  if  we  assume  that  the  2.1x10 

eV/m  point  is  tht  p-^ouer  observed  force  corresponding  to  the 

“8  - 8 
-3x10  eV/m  applied  force  and  that  the  4.4  x lo  eV/m  observed 

force  point  at  the  same  applied  force  value  is  an  artifact.  The 

para.meters  of  this  fit  are 

intercept:  6.l9xio  eV/m 

slope;  0.62 

coefficient  of  determination:  0.998. 

The  ambient  effective  force  in  the  tube  indicated  by  the  above  inter- 
cept should  not  be  taken  too  seriously  since  we  cannot  expect  to 
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Table  4.2.  Values  of  the  flight  time  for  which  R.  is  minimum 

(as  determined  from  Table  4.1),  the  corresponding  value 
of  R. , and  the  corresponding  observed  force  as  calcu- 
lated from  Eq.  (4.1).  T = 4.2°K. 


Force  Index 


Applied  Force 
F^  (eV/m) 


min 

(ms) 


R. (t  . ) Observed  Force 
^ (eV/m) 


T=4.2°K 


(lu/a9_oi)  3oaod  aBAdBsao 


3 


APPLIED  FORCE  (10  eV/m) 

Fig.  4.13.  A plot  of  the  observed  force  (obtained  fiom  Table  4.1  and  Eq.  (4.1))  corre 
ponding  to  each  of  three  values  of  applied  force.  The  straight  line  is  a least  squares 
fit  to  the  data  points  other  than  the  upper  point  corresponding  to  the  smallest  value 
of  applied  force. 


extrapolate  a three-point  linear  curve  to  a point  approximately  two 

orders  of  magnitude  smaller  than  the  points  used  in  obtaining  the 

fit  with  much  accuracy;  however,  this  intercept  does  indicate  that 

- 8 

the  ambient  effective  force  is  much  smaller  than  10  eV/ra, 
especially  since  the  coefficient  of  determination  of  0.998. 

- 8 

Additional  evidence  for  the  identification  of  the  4.4 w 10  eV/m 
point  as  an  artifact  is  provided  by  Fig.  4.14.  Whereas  Fig.  4.13 
was  obtained  by  adding  the  data  from  several  similar  runs  and  then 
determining  the  location  in  time  of  the  ratio  minima  as  described 
above.  Fig.  4.14  was  obtained  by  determining  the  ratio  minima  for 
the  three  applied  force  values  in  each  run  and  then  taking  the  mean 
of  the  resulting  measux'ed  force  values  for  each  value  of  .applied 
force.  The  standard  deviation  of  the  mean  a was  also  determined 

y 

for  each  of  the  points  of  the  graph;  the  error  bars  shown  in  Fig. 

4.14  represent  the  uncertainty  in  observed  force  corresponding  to  an 
uncertainty  in  the  cutoff  time  of  ±a  . Fin..ily,  a least  squares  fit 

y 

was  made  to  the  points  obtained  by  this  procedure.  The  actual  ambient 
field  results  obtained  from  the  "scatter  analysis”  which  is  sum- 
marized in  Fig.  4.14  are  not  expected  to  be  as  accurate  as  the  results 
shown  in  Fig.  4.13  since  many  of  the  individual  runs  had  only  a few 
counts  in  some  time  intervals  and  thus  displayed  large  statistical 
fluctuations  in  the  force/no  force  ratios.  However,  the  fact  that 
the  measured-versus-applied  force  line  obtained  by  the  "scatter 
analysis"  technique  does  come  closer  (although  not  by  much)  to  the 
smaller  of  the  two  measured  force  points  corresponding  to  a 3 x lO  ^ 
eV/m  applied  force  helps  to  confirm  that  the  smaller  point  is  the 
correct  one.  We  will  make  use  of  the  "scatter  analysis"  technique 
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later  to  resolve  other  ambiguities  in  the  identification  of  the 
correct  observed  force  point  when  more  than  one  reasonable 
possibility  exists. 

The  slope  of  0.62  of  the  least  squares  fit  in  Fig.  4.13  indi- 
cates that  the  applied  force  values  calculated  by  multiplying  the 
axial  current  in  the  tube  walls  by  the  measured  resistance  of  the 
tube  produce  effectiv'e  applied  forces  which  are  smaller  by  a factor 
of  0.62.  We  expect  some  reduction  in  the  effective  force  values 
as  compared  to  the  calculated  force  values  because  of  field  penetra- 
tion into  the  ends  of  the  tube,  as  discussed  in  Chapter  3.  It  is 
also  possible  that  our  measurement  of  the  drift  tube  resistance 
had  a systematic  error,  although  great  care  was  taken  in  that 
measurement  (again,  see  Chapter  3).  One  possible  explanation  for 
the  sizeable  reduction  factor  between  the  effective  and  calculated 
applied  force  values  is  the  presence  of  non-negligibie  resistance 
in  the  joint  between  the  leads  to  the  drift  tube  and  the  drift  tube 
itself.  The  connection  is  made  with  tight-fitting  circumferential 
clamps,  so  there  is  always  the  possibility  that  sufficient  oxidation 
has  taken  place  between  the  clamp  and  the  tube  to  provide  a resistance 
which  amounts  to  0.2 -0.3  of  the  total  measured  resistance  of 
1.5  ><10  ^ i1.  In  any  event,  we  will  use  the  effectiv'c  force  values 
determined  by  Fig.  4.13  in  our  future  calculations;  i.e.,  we  will 
apply  a correction  factor  of  0.62  to  the  applied  force  values 
obtained  by  measuring  the  axial  tube  current.  Our  three  values  of 

''effective)  applied  force  are  then  -9.5xio*‘  eV/m,  -4.4  xio”  eV/m, 

-8 

and  -2.1  x lo  eV/m. 
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Let  us  look  at  the  effects  of  these  force  values  on  the  trap- 
originating  portion  of  the  distribution,  since  Fig.  4.13  seems  to 


establish  that  with  the  revised  force  values,  cutoffs  in  the 

direct  emission  distribution  occur  at  the  proper  times. 

We  have  speculated  that  the  trap-originating  electrons  begin 

to  be  emitted  in  significant  quantities  at  about  4.5  msec  and  have 

flight  tines  of  about  5.5  msec,  thus  arriving  at  10  msec.  ,4n  applied 
- 8 

force  of  -9.5  10  eV/m  will  shift  this  flight  time  to  a new  value  of 


Thus  if  our  speculations  have  any  merit,  the  trap-originating  elec- 
trons should  now  begin  arriving  at  (4.5  + ll)msec  = 15.5  msec  and 

we  might  expect  to  see  a peak  in  the  slow  electron  ratios  for 
“ 8 

F = -9.5 X 10  eV/m  shortly  after  this  TOF  value.  Looking  at  line  3 of 

Table  4.1  we  see  that  indeed  the  ratio  reaches  a peak  of  1.26  in  the 

TOF  range  17.25-19.75  msec.  Also,  as  we  discussed  near  the  end  of 

Sec.  4.S.2,  we  expect  that  the  ratios  after  20-25  msec  should  tend 

to  be  a bit  larger  than  1.0;  again,  a look  at  Table  4.1  shows  that 

there  is  such  a trend  after  25  msec.  This  provides  confirmation 

for  our  hypothesis  that  the  direct  emission  distribution  does  not 

extend  much  beyond  25  msec,  since  the  larger  ratios  after  25  msec 

indicate  that  the  increase  in  the  number  of  counts  because  of  the 

shift  of  the  delayed  distribution  is  more  important  than  the  loss 

of  counts  due  to  the  cutoff  in  the  direct  emission  distribution. 

-8 

Turning  to  the  -4.4 xio  eV/m  applied  force,  we  find  by 
applying  Eq.  (4.2)  that  the  delayed  distribution  will  be  shifted 


by  only  about  1.0  msec.  Since  this  is  less  than  half  the  TOP  group 
width  used,  we  would  not  expect  to  see  any  significant  peaks  in 
the  ratios  for  this  force;  Table  4.1  bears  this  out.  We  might 
also  expect  the  ratios  between  the  16  msec  (the  cutoff  time)  and 
25  msec  to  be  a bit  less  than  1.0,  with  the  ratios  after  25  msec 
remaining  close  to  1.0.  The  data  shows  a slight  tendency  for  the 
17.25-30  msec  ratios  to  be  less  than  1.0;  however,  the  ratios  after 
'V  40  msec  show  about  the  same  tendency. 

_ g 

Finally,  the  smallest  applied  force,  -2.1  ><10  eV/m,  produces 
a negligible  time  shift  of  the  delayed  distribution,  so  that  the 
cutoff  should  be  the  only  prominent  feature  of  this  data.  We  might 
expect  ratios  of  a bit  less  than  1.0  for  several  msec  before  the 
cutoff  because  of  time-spreading  of  the  low  energy  electrons;  there 
is  some  evidence  for  this  in  the  data. 

Thus,  considering  all  of  the  points  discussed  above,  we  feel 
that  we  have  reasonably  strong  evidence  that  the  ambient  potential 

_9 

variations  in  the  drift  tube  are  less  than  10  V/m  at  4.2°K. 

This  then  is  in  agreement  with  both  our  earlier  LHe  data  and  with 
the  measurements  made  by  Witteborn  and  Fairbank  in  1967. 

We  will  now  look  at  how  this  situation  changes  as  we  increase 
the  temperature  of  the  drift  tube. 

4.5.4  Data  at  4.3°K 

Table  4.3(a)  presents  the  corresponding  applied  and  observed 
force  values  for  a drift  tube  temperature  of  4.3°K.  For  the  applied 
forces,  we  are  using  the  revised  values  as  discussed  in  the  previous 


section. 


Force  Index 
i 

Applied  Force 
(eV/m) 

t . 
min 

(ms) 

R.(t  . ) 
1 min 

Observed  Force 
(eV/m) 

1 

-2.1 X 10"® 

12.5-5 

.82  ± .09 

-(6:;:2)xio-« 

2 

-4.4  X 10‘® 

5-5.5 

.87  ± .04 

-(4.i:j«3)x10 

+ 1.25 

13  75 

'^^-3.75 

.87  ± .10 
.92  ± .09 

-(6^^;J)  X io‘® 

3 

-9.5  X 10'^ 

9-9.5 

.81  ± .11 

-(i.3*°;J)  xio 

20-22.5 

.72  ± .10 

-(2.45^°;2^xio 

(b)  Values  of  and  the  corresponding  for  T = 4.3°K  when  upward 

applied  forces  were  used. 


Force  Index 
i 

Applied  Force 
feV/m) 

t 

max 

(ms) 

R.(t  ) 
1 max 

1 

+2.1 X 10'® 

8-12 

1.26  ± .27 

2 

+4.4  X 10'® 

8-8.5 

1.34  ± .29 

3 

+9.5  X 10*® 

6-6 . 5 

1.16  ± .22 

8-8.5 

1 . 08  ± .24 

12.5-15 

1.07  ± .19 
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The  smallest  applied  force  gave  an  unambiguous  determination 

of  the  observed  force;  however,  each  of  the  larger  two  applied 

forces  has  two  corresponding  observed  force  values  which  meet  the 

criteria  discussed  in  the  preceding  section. 

These  results  are  plotted  in  Fig.  4.15.  If  we  use  the  smaller 

-8 

of  the  two  observed  force  values  corresponding  to  the  -4.4x10 

eV/m  applied  force  and  the  larger  observed  force  value  for  the 
-8 

-9.5x10  eV/m  applied  force,  a linear  regression  analysis  yields 
the  solid  line  shown  in  the  figure.  The  parameters  of  this  fit  are; 
intercept:  -2.78  xl0~®  eV/m 

slope;  1.06 

coefficient  of  determination;  0.82. 

In  analyzing  the  data  taken  at  temperatures  above  4.2°K  we  are 
primarily  interested  in  determining  the  equivalent  ambient  electric 
field  in  the  tube;  i.e.,  the  intercept  of  the  observed-versus-applied 
force  line.  Once  we  have  determined  the  effective  drift  tube 
resistance,  as  we  did  in  Sec.  4.5.3,  we  can  accurately  specify  the 
actual  effective  applied  force  that  was  used  in  each  set  of 
measurements.  Thus  we  expect  that  when  the  proper  values  of  applied 
force  are  used,  the  observed  versus  applied  force  line  should 
always  have  a slope  of  1.0,  since  a given  change  in  the  applied 
force  should  produce  exactly  the  same  change  in  the  observed  force. 

In  order  to  get  the  best  determination  of  the  intercept  in  our 
force  plots,  we  will  generally  constrain  the  slope  of  the  measured- 
versus-applied  force  line  to  be  1.0;  that  is,  we  will  find  the 
least  squares  fit  which  has  unit  slope  (often  a visual  fit  will  be 
quite  adequate).  The  dashed  line  in  Fig.  4.15  represents  a visual 
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Fig.  4.15.  The  observed  force  results  with  the  drift  tube  at 
4.3°K.  The  solid  line  is  an  unconstrained  least  squares  fit  to 
the  three  data  points  which  are  near  the  line  while  the  dashed 
line  is  a visual  best-fit  unit-slope  line  fitted  to  the  same 
three  points. 
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best  fit  line  having  slope  1.0.  Of  course,  since  the  unconstrained 
least  squares  fit  had  a slope  of  1.06,  the  two  lines  are  quite 
similar. 

It  appears  that  our  choice  of  observed  force  values  from  the 
two  possible  values  in  the  two  cases  where  ambiguities  existed  is 
the  only  choice  that  yields  a reasonable  straight  line  fit.  However, 
to  confirm  our  identification  of  the  two  remaining  points  as 
artifacts,  we  again  performed  a "scatter  analysis"  of  the  type 
employed  in  the  preceding  section.  The  force  plot  thus  obtained 
is  shown  in  Fig.  4.16.  Note  that  the  least  squares  fit  agrees  quite 
well  with  the  force-force  line  in  Fig.  4.15,  thus  helping  to  confirm 
our  choice  of  points. 

The  results  summarized  in  Fig.  4.15  indicate  that  the  equivalent 

- 8 

ambient  electric  field  in  the  tube  is  approximately  +3  x 10  V/m. 
Because  of  the  nature  of  the  data  (the  experimental  "points"  should 
really  be  thought  of  as  experimentally  determined  observed  force 
ranges  rather  than  actual  points  with  associated  uncertainties)  and 
the  requirement  that  the  slope  of  the  force-force  line  be  constrained 
to  1.0,  it  is  difficult  to  provide  a precise  estimate  of  the  error 
in  this  ambient  field  determination.  A proper  error  analysis  would 
seem  to  require  niomerical  differentiation  of  a chi-square  map  of 
constrained  least  squares  fits  having  a range  of  observed  force 
intercepts.  The  rather  limited  precision  of  the  data  hardly  warrants 
such  a lengthy  treatment.  Also,  we  are  really  more  interested  in 
obtaining  an  order  of  magnitude  estimate  of  the  ambient  field  than 
in  determining  a precise  value.  F.fforts  to  make  constrained  visual 
fits  with  different  intercepts  show  that  it  is  reasonable  to  quote 
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our  result  for  the  anibient  electric  field  in  the  tube  at  4.3°K  as 
(3*^)  X io‘®  V/m. 

4.5.5  4.3°K  Data  with  Upward  Applied  Forces 

A small  amount  of  data  was  taken  at  4.3°K  using  upward  applied 
forces.  This  data  is  even  more  difficult  to  interpret  than  the 
downward  applied  force  data,  primarily  because  of  the  much  different 
response  of  trapped  electrons  to  upward  applied  fields.  We  discussed 
in  Sec.  4.5.2  the  manner  in  which  downward  applied  forces  produce 
both  a cutoff  of  the  direct  emission  electrons  and  a retardation  of 
electrons  emitted  from  traps.  Upward  applied  forces  on  the  other 
hand,  although  they  produce  essentially  the  same  cutoff  effects, 
have  a much  different  effect  on  trapped  electrons.  First,  the  upward 
force  accelerates  any  electrons  which  are  emitted  from  traps. 

Second,  and  perhaps  more  important,  the  upward  force  acts  to  cancel 
to  some  extent  the  potential  barriers  in  the  drift  tube  which  cause 
electrons  to  be  trapped.  Thus  the  upward  applied  force  produces  a 
certain  amount  of  de-trapping.  Because  of  these  effects,  several 
peaks  and  nulls  tend  to  appear  in  the  time  spectrum  of  force/no  force 
ratios.  This  is  particularly  the  case  for  the  larger  values  of 
upward  applied  force. 

If  there  is  actually  an  ambient  electric  field  in  the  tube  of 

-8  “8 
+ 3 X 10  V/m  [producing  a (downward)  force  of  -3  x 10  eV/m  on  an 

electron]  we  expect  that  the  application  of  successively  larger 

values  of  upward  applied  force  will  first  reduce  the  net  observed 

force  to  zero  and  then  make  it  positive  (i.e.,  negative  equivalent 

observed  electric  field).  A glance  at  Fig. 4. 17  shows  that  there  is 

a good  case  for  the  identification  of  such  behavior  in  the  data. 
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Fig.  4.17.  The  observed  force  results  obtained  with  upward 
applied  forces.  The  drift  tube  was  at  4.3®K. 
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In  this  figure  we  have  plotted  both  positive  and  negative  values 

of  observed  force  on  the  y-axis  against  positive  (upward)  applied 

force  on  the  x-axis.  The  line  shown  is  a visual  best  fit  obtained 

under  the  constraint  that  the  slope  be  +1.0  (note  that  because  of 

the  axes  chosen  for  this  plot,  the  line  has  an  inclination  which  we 

would  normally  associate  with  a slope  of  -1.0).  As  we  expected, 

the  force/no  force  ratios  go  through  several  minima  (and  thus  there 

are  several  observed  force  values  for  each  applied  force  value), 

-8 

especially  in  the  case  of  the  +9.5 xio  eV/m  applied  force. 
However,  with  the  slope  constraint,  the  line  displayed  is  the  only 
one  which  provides  a reasonable  fit  to  one  of  the  possible  observed 
force  values  corresponding  to  each  applied  force. 

Again,  the  important  piece  of  information  to  be  gleaned  from 
this  graph  is  the  obsen^ed  force  intercept  of  approximately 

_8  -0  4 «8 

-2.4x10  eV/m  (with  an  uncertainty  of  roughly  1^  + ]^  ^ ®V/m, 

obtained  by  constructing  acceptable  fit.,  having  minimum  and  maximum 

intercepts) , which  we  presume  to  be  the  ambient  force  in  the  tube. 

-4  -8 

Note  that  this  agrees  quite  well  with  the  estimate  of  (-3^2^  ^ 
eV/m  obtained  from  the  downward  applied  force  data.  The  way  in 
which  the  upward  and  downward  applied  force  lines  connect  to  form 
one  continuous  curve  certainly  helps  to  confirm  the  validity  of 
our  method  of  analysis. 

Identification  of  the  observed  forces  in  Fig.  4.17  as  positive 
rather  than  negative  is  made  on  the  basis  of  an  analysis  of  the 
trapped  electron  peak  which  we  described  in  connection  with  the 
4.2°K  data.  If  a graph  of  the  type  presented  in  Fig.  4.11  is  con- 
structed for  the  4.3°K  data,  we  find  that  the  4.3’K  arrival  time 
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distribution  of  trap-originating  electrons  has  a peak  in  the  range 
10-12  msec.  If  we  select  the  midpoint  of  this  interval,  11  msec, 
as  t^,  the  minimum  transit  time  for  trap-originating  electrons  when 
no  applied  forces  are  present,  and  employ  Eq.  (4.2)  we  can  calculate 
the  expected  arrival  time  of  the  trapped  electron  peak  for  the 
applied  force  cases  by  substituting  t^  = 11  msec  for  t^  in  the 
equation.  If  a given  positive  applied  force  actually  shifts  the  net 
force  in  the  tube  in  the  positive  direction  by  an  amount  equal  to 
its  magnitude  then  the  shifted  trapped  electron  peaks  should  show  up 
in  the  data  as  maxima  in  the  force/no  force  ratios  occurring  at 
the  predicted  times.  (Actually  the  .maxima  may  tend  to  occur  a bit 
earlier  than  anticipated  because  of  the  presumed  partial  lowering 
of  potential  barriers  by  upward  applied  forces.)  The  predictions 
of  Eq.  (4.2)  for  t^',  the  shifted  arrival  time  of  the  trap-originating 
electrons  are 


F = +2.1  X 10‘^ 
a 

eV/m 

S' 

= 9.26 

ms  ec 

F = +4.4  X 10"® 
a 

eV/m 

S' 

= 8.16 

msec 

F = +9.5  X lo‘® 
a 

eV/m 

S' 

= 6.78 

msec 

Reference  to  Table  4.3(b)  shows  that  these  predictions  agree  quite 
well  with  the  force/no  force  ratio  maxima  in  the  data. 

Thus  both  the  downward  and  upward  applied  force  data  indicate 
an  equivalent  ambient  electric  field  of  't  +3  > 10  eV/m  in  the 
drift  tube  at  4.3®K.  It  appears  that  the  surface  shielding  whose 
presence  we  hypothesize  at  4.2°K  has  already  become  less  effective 
with  only  a 0.1°K  rise  in  temperature.  We  shall  later  see  that  a 
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slightly  larger  increase  in  temperature  seems  to  almost  completely 
eliminate  the  apparent  shielding  effect. 

4.5.6  Data  at  4.4°K 

Table  4.4  and  Fig.  4.18  present  the  4.4®K  data.  In  this  data 

the  analysis  is  not  complicated  by  multiple  (separated)  observed 

force  values  for  any  of  the  applied  forces;  however,  two  of  the 

observed  force  ranges  are  quite  large.  A reasonable  constrained- 

slope  fit  is  shown;  this  line  predicts  an  ambient  force  of  about 
-2  4-7 

(-3.1^q'^)  X 10  eV/m  at  4.4  K (again  the  error  limits  are  determined 
by  finding  the  constrained-slope  lines  with  minimum  and  maximum 
intercept  which  pass  through  two  of  the  three  observed  force  ranges) . 

4.5.7  Data  with  Upward  Applied  Forces  at  4.4°K 

Only  one  short  run  was  taken  with  upward  applied  forces  at 
4.4“K;  however,  the  data  will  be  described  for  completeness.  Table 

4.4(b)  and  Fig.  4.19  present  the  data.  We  seem  to  have  reasonably 

-8 

good  observed  force  determinations  at  applied  forces  of  +2.1 xio 

— 8 8 

and  +9.5x10  eV/m.  The  situation  for  the  +4.4  xio  eV/m  applied 

force  is  quite  ambiguous.  Actually  the  upper  two  observed  force 

points  at  this  applied  force  value  only  meet  criterion  (2)  of 

Sec.  4.5.3,  however,  they  are  quite  close  to  meeting  criterion  (1)  so 

we  included  them  in  order  not  to  miss  any  possibly  valid  points. 

When  the  slope  of  the  force-force  line  is  constrained  to  be  1.0, 

the  line  shown  is  the  only  reasonable  fit.  Once  again  making  use  of 

maximum  and  minimum  intercept  constrained  lines  to  estimate  the 

error  in  the  intercept,  we  obtain  an  ambient  force  value  of 
-0  2 -7 

(-2.4^q  g)  X 10  eV/m.  Again  the  agreement  with  the  downward  applied 
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Table  4.4. 


(a)  Values  of  the  corresponding  R^,  and  the 

corresponding  observed  force  for  T = 4.4°K. 


Force  Index 
i 

Applied  Force 
F.  (eV/m) 

t . 
min 

(ms) 

R. (t  . ) 
1 min 

Observed  Force 
(eV/m) 

1 

-2.1 X 10'® 

6-6.5 

.78  ± .06 

-(2.9^;20^ 

2 

-4.4  X lo'® 

5 25"-25 
-.75 

.89  ± .05 
.90  ± .05 

-(4.12*|35)xi0‘^ 

3 

-9.5  X lo'® 

4 75"^ 
-.75 

.91  ± .05 
. 89  ± . 04 

~is. oil'll), 10-^ 

(b)  Values  of 

^max’  corresponding  R. , 

and  the  corresponding 

observed 

force  for  T = 4. 

. 4°K  when  upward  applied 

forces  were  used. 

Force  Index 
i 

Applied  Force 
F^  (eV/m) 

t 

max 

(ms) 

R-  (t  ) 
1 max 

Observed  Force 
(eV/m) 

1 

+2.1  X lo'^ 

7.5-10 

,48  ± .17 

-C1.5^0;5^^j0-7 

40-45 

.61  ± .23 

-(6.3^°;®)  X 10'® 

2 

+4.4  X 10'® 

4-4.5 

.72  ± .29 

-(6.3^°;®)  xio’^ 

7.5-10 

.84  + .25 

-(1.5;;°;®)  X 10-7 

15-20 

.74  ± .22 

-(3.7;;J-J)  X 1Q-® 

40-45 

.52  ± .18 

-(6.3^°;®)  X 10"^ 

3 

+9.5  X 10"® 

.52  ± .18 

-(i.s;;°:®)xio-7 
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OBSERVED  FORCE  (10  eV/m) 


Fig.  4.18.  The  observed  force  results  corresponding  to  a 
drift  tube  temperature  of  4.4°K.  The  solid  line  is  a visual 
best-fit  unit-slope  line.  The  dashed  lines  indicate  the 
minimum  and  maximum  y-intercept  values  which  a unit -slope 
line  can  have  if  it  is  to  be  reasonably  consistent  with  the 
data. 
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Fig.  4.19.  The  observed  force  results  obtained  at  4.4®K  with 
upward  applied  forces.  The  solid  line  is  a visual  best  fit 
having  unit  slope  while  the  dashed  lines  again  indicate  min- 
imum and  maximum  intercepts. 
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force  data  is  reasonably  good;  this  is  a pleasant  surprise  in  view 
of  the  very  small  amount  of  upward  force  data. 

We  see  that  our  proposed  surface  shielding  has  become  even  less 
effective  at  4.4°K  than  at  4.3‘’K.  We  are  now  beginning  to  see  an 
ambient  force  in  the  tube  which  is  within  the  range  of  estimates  for 
the  force  produced  by  the  lattice  distortion  field  (note  that  the 
direction  of  the  observed  aimbient  field  is  also  that  expected  on 
the  basis  of  lattice  distortion  fields) . 

4.5.8  Data  at  6.3°K 

Table  4.5  and  Fig.  4.20  present  the  6.3‘‘K  data.  A visual  best 
fit  constrained-slope  line  and  minimum  and  maximum  contrained-slope 
lines  which  pass  through  two  of  the  three  observed  force  ranges 
are  shown. 

In  order  to  add  confirmation  to  the  identification  of  the  upper 
point  corresponding  to  the  largest  applied  force  as  an  artifact,  a 
scatter  analysis  was  performed.  Figure  4.21  is  the  plot  resulting 
from  that  analysis;  the  scatter  analysis  seems  to  provide  the  desired 
confirmation. 

Thus  we  will  quote  our  6.3°K  results  from  Fig.  4.20  as 

F . . „ = (-3.5'°'^J  X 10‘^  eV/m. 

ambient  ^ +0.15-^ 

4.5.9  Data  at  9°K 

Table  4.6  and  Fig.  4.22  present  this  data  and  show  the  usual 
constrained-slope  fits.  We  obtain  from  the  figure  the  result 
F 


ambient 


(-2.?;^;^)  xio'^  eV/m. 
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Table  4.5. 

Values  of  t . , 
min 

the  corresponding  R^i  and 

the 

corresponding  observed  force 

for  T = 6.3° 

K. 

Force  Index 
i 

Applied  force 
(eV/m) 

t . 
min 

(ms) 

R.  (t  . ) 
1 min'^ 

Observed  Force 
(eV/m) 

1 

-2.1 X 10”® 

5.25±.75 

.931  .07 

-(4.i:|-®)>'io-' 

2 

-4.4  X io‘® 

5.251.50 

.88  1 .06 

-(4.i:°-j)xio-^ 

7.251.50 

,80  1 .12 

-(2.2:°;|)X10-' 

3 

-9.5  X 10“® 

3.751.50 

.75  1 .04 

-(S.l^Jlg)  X lo'”^ 

5.51.75 

.75  1 .06 

-(4.i^5;2)  lo'^ 

100 


T=6.3^K 


0 -2  “4  -6  -8 

APPLIED  FORCE  (10‘®eV/m) 


-10 


Fig.  4.20 


The  observed  force  results  obtained  at  6.3®K. 
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Table  4.6.  Values  of  the  corresponding  R.,  and  the 

corresponding  observed  force  for  T = 9 K. 


1 

Force  Index 

I i 

I 

Applied  Force 
F^  (eV/m) 

^min 

(ms) 

R.(t  . ) 
1 min 

Observed  Force 
(eV/m) 

[ 

t 

1 

1 

-2.1  X 10~® 

4.0  ± .25 

.87  ± .12 

-(7.i"J;°) 

7 25"°-^ 
'•^^-2.25 

.92  ± .09 

-(2.2:2;3)xio-' 

2 

1 

X 

o 

1 

00 

3.5  ± .25 

.93  ± .07 

xio'^ 

3 

-9.5  X 10‘® 

3.5  ±.25 

.91  ± .06 

-(9.3^1;^)  X 10"' 

OBSERVED  FORCE  (IO‘°eV/m) 


Fig.  4.22.  The  observed  force  results  at  9“K. 


6 


shows  the  constrained-slope  fits.  The  force-force  lines  imply  a 

result  of  F , . . = (-6.6  J'?)  10  ^ eV/m. 

ambient  +1.8-^ 


Table  4.7.  Values  of  the  corresponding  R.,  and  the 

corresponding  observed  force  for  T = 11  K. 


Force  Index 
i 

Applied  Force 
F^  CeV/m) 

^min 

(ms) 

Observed  Force 
(eV/m) 

1 

-2.1 X 10“® 

2.5  ± .25 

.77  ± .11 

-(5.6"°;^)  X 10*^ 

2 

-4.4  X 10*® 

. -75 

- .25 

.89  ± .10 

-(7.1^2!?^ 

3 

-9.5  X 10*® 

3.5  ±.25 

.86  ± .07 

-(9.2^J;®)  xio'"^ 

-ISl- 


CHAPTER  5 

SWIMARY  AND  CONCLUSIONS 


If  we  plot  the  observed  ambient  effective  force  in  the  drift 

tube  at  4.2°K,  4.3'’K,  4.4‘’K,  and  6°K  (as  obtained  from  Figs.  4.13, 

4.15,  4.18,  and  4.20)  against  the  amount  by  which  the  temperature 

exceeds  4.2°K,  we  obtain  Fig.  5.1. 

This  figure  illustrates  the  rather  amazing  temperature  dependence 

of  the  observed  ambient  force  on  an  electron  in  the  tube.  Our  result 

-9 

at  4.2°K  was  that  the  ambient  effective  force  was  less  than  10  eV/m; 

we  take  as  the  correct  value  at  4.2"K  the  IVitteborn-Fairbank  result  that 

-12 

the  net  force  is  (0  ± 5)  x lo  eV/r..  We  then  see  from  Fig.  5.1  that  at 
a temperature  only  0.2°K  higher  than  4.2°K  the  ambient  force  is  roughly 
5 orders  of  magnitude  larger.  If  we  add  to  the  plot  the  ambient  forces 
seen  at  9°K  and  11°K  (obtained  from  Fig.  4.22  and  Fig.  4.23),  we  get 
Fig.  5.2.  In  this  figure  it  appears  that  the  ambient  effective  force 
is  varying  slightly  between  6°K  and  ll^K.  However,  it  is  clear  that 
almost  all  of  the  temperature  dependence  occurs  between  4.2°K  sind  4.4°K. 
The  ambient  force  is  probably  constant  between  9°K  and  11°K. 

We  can  obtain  additional  confirmation  of  the  basic  correctness 
of  our  determination  of  the  behavior  of  the  ambient  effective  force 
acting  on  an  electron  in  the  drift  tube  as  the  tube  temperature 
is  raised  above  4.2®K  by  performing  another  type  of  ratio  analysis. 

From  our  discussion  in  Chapter  4 of  the  ratio  analysis  technique 
as  used  in  the  case  of  applied  forces,  we  came  to  the  conclusion 
that  the  values  for  the  TOF  spectrum  with  a given  value  of 
applied  force  ought  to  reach  a minimum  in  the  TOF  interval 
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Fig.  5.1.  A summary  of  the  temperature  dependence  of  the 
observed  ambient  force  in  the  drift  tube  showing  the  results 
at  the  four  lowest  temperature  values. 
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Fig.  5.2.  A summary  of  the  temperature  dependence  of  the  observed  ambient  force  in  the  drift  tube 
showing  all  results  obtained  in  the  heated  drift  tube  work.  The  curve  is  only  a guide  to  the  eye 
and  does  not  represent  a theoretical  fit. 


corresponding  to  the  theoretical  cutoff  time  for  the  given 
force.  Now  if  ambient  forces  are  appearing  in  the  drift 
tube  when  its  temperature  is  raised  above  4.2“  K,  then  a 
table  of  values  obtained  by  ratioing  a higher  temperature  TOP 
spectrum  with  a 4.2“K  TOP  spectrum  ought  to  show  a minimum  in  the 
TOP  range  corresponding  to  the  theoretical  cutoff  time  for  the  ambient 
force  present  at  that  temperature.  Such  a table  of  R^  values  for 
the  temperatures  we  have  used  is  presented  in  Table  5.1.  We  see  that 
indeed  there  is  a definite  minimum  in  the  R^  values  for  each  tempera- 
ture. If  we  then  convert  the  time  interval  in  which  the  minimum  R. 

1 

occurs  to  a value  of  effective  observed  ambient  force  (taking  the 
midpoint  of  the  time  interval  to  get  the  force  value  and  the  endpoints 
of  the  time  interval  to  get  the  uncertainty  in  force)  using  Eq.  (4.1) 
we  obtain  Pig.  5.3.  Note  that  this  is  quite  similar  (except  for  the 
temperatures  very  near  4.2°K)  to  Fig.  5.2.  We  do  not  expect  this 
method  to  be  quite  as  quantitative  as  the  method  used  to  obtain 
Fig.  5.2;  however,  it  does  provide  a nice  independent  check  of  the 
basic  validity  of  the  applied  force-observed  force  fits  made  in 
Chapter  4.  It  thus  seems  that  we  have  another  piece  of  evidence  that 
the  change  in  the  ambient  force  in  the  tube  with  temperature  is 
essentially  that  shown  in  Fig.  5,2. 

Thus  the  ambient  effective  electric  field  in  the  tube  between 
4.4“K  and  11“K  is  in  the  range  +(2-9)  x 10  ^ V/m.  This  value  of 
ambient  field  is  consistent  with  the  field  expected  from  the 
gravitationally-induced  distortion  of  the  ion  lattice  discussed  in 
Chapter  2.  Our  measurements  at  300° K and  77“ K are  consistent  with 


Fig.  5.3,  A plot  of  the  temperature  dependence  of  the  ambient  force  in  the  tube  obtained  by 
ratioing  zero-applied-force  TOF  spectra  taken  at  each  of  the  indicated  temperatures  to  an  equiVa 
lent  4.2®K  TOF  spectrum.  The  method  is  explained  in  the  text.  The  curve  is  only  a guide  to  the 
eye  and  does  not  represent  a theoretical  fit. 


the  existence  of  an  effective  field  at  least  that  large  at  those 
temperatures.  We  feel  that  the  only  conclusion  consistent  with  our 
results,  the  results  of  the  Witteborn-Fairbank  electron  free  fall 
experiment,  and  the  results  of  the  various  experimenters  who  have 
studied  gravitationally-induced  and  patch  effect  fields  in  metals 
is  that  there  is  a very  effective  surface  shielding  mechanism 
involving  electrons  which  exists  at  4.2°K  but  vanishes  at  temperatures 
only  a few  tenths  of  a degree  higher. 

It  is  possible  that  our  results  could  be  a manifestation  of  the 
appearance  of  large  patch  effect  fields  at  temperatures  just  above 
4.2°K;  however,  it  is  unlikely  that  patch  effect  fields  would  produce 
the  reasonably  consistent  determination  of  effective  ambient  force 
from  run  to  run  which  we  observed.  In  any  event,  even  if  we  are 
suddenly  seeing  large  patch  effect  fields  at  4.4°K,  this  still  requires 
the  kind  of  temperature-dependent  electron  surface  shielding  that  we 
have  discussed  in  order  that  the  large  patch  effect  fields  not  be 
present  at  4,2'’K. 

Theoretical  models  for  an  electron  surface  state  which  has  the 

requisite  shielding  properties,  temperature  transition,  and  lack  of 

coupling  to  the  strain  field  of  the  underlying  metal  are  currently 

being  considered  by  a group  at  Stanford  under  the  direction  of 
52 

John  Madey.  One  of  the  possibilities  is  the  type  of  electron 
surface  state  which  arises  from  the  discontinuity  in  periodic  poten- 
tial introduced  when  a crystal  is  terminated  at  a surface.  Such 

53  54 

surface  states  were  first  discussed  by  Tamm  and  later  by  Shockley. 
Another  possibility  is  the  type  of  surface  state  described  by 
Schrieffer"'’^  in  which  electrons  are  free  to  move  parallel  to  the 


Li. 
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surface  but  motion  normal  to  the  surface  is  restricted.  A good 

review  of  the  literature  on  surface  states  is  that  of  Davison  and 

. • 56 

Levine. 

It  is  assumed  that  the  nature  of  the  temperature  transition  in 
the  surface  shielding  effect  is  determined  by  the  statistics  of  the 
surface  electrons  and  their  thermal  distribution  of  energies.  One 
can  assume  either  that  the  surface  electrons  form  a straightforward 
Fermi  system  or  that  each  electron  and  its  image  in  the  metal  couple 
to  form  an  integral  spin  pair  for  which  Bose  statistics  are  appro- 
priate. Both  approaches  have  been  pursued  by  Madey  and  his 
associates.  It  is  possible  that  the  temperature  transition  in  the 
shielding  comes  about  when  the  thermal  energy  of  the  surface  electrons 
is  no  longer  large  compared  to  a particular  type  of  electron-electron 
or  electron-image  interaction.  For  example,  we  may  be  seeing  the 
effects  of  a transition  to  a Wigner  solid^^  at  the  surface  at  low 

temperatures,  or  perhaps  the  onset  of  the  type  of  exciton  super- 

58 

conductivity  discussed  by  Allender,  Bray,  and  Bardeen. 

We  are  pursuing  additional  experiments  in  order  to  gain  further 
knowledge  of  the  parameters  of  the  shielding  effect  and  the  conditions 
under  which  it  occurs.  Such  knowledge  would  be  quite  useful  in 
narrowing  the  range  of  physical  mechanisms  which  could  be  responsible 
for  the  effect.  The  development  of  an  actual  model  which  explains 
the  temperature-dependent  surface  shielding  and  which  is  consistent 
with  the  nature  of  our  copper  surface  should  be  quite  interesting. 
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